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ABSTRACT
An e x p e r i m e n t a l  d r y e r  w i t h  a d a t a  a c q u i s i t i o n  s y s t e m  t o  
a n a l y z e  s i n g l e - l a y e r  r i c e  d r y i n g  w a s  b u i l t  a n d  t e s t e d .  D a t a  
o f  m o i s t u r e  c o n t e n t  a n d  t i m e  w e r e  c o l l e c t e d  f o r  l o n g  g r a i n  
L a b o n n e t  v a r i e t y  r o u g h  r i c e  r e p r e s e n t i n g  o n - f a r m  c o n d i t i o n s  
( 3 5  ° C t o  55 ° C;  30% t o  70% R H ; 0 . 1 3  t o  0 . 3 3  m / s  d r y i n g  a i r
v e l o c i t y )  a n d  c o m m e r c i a l  c o n d i t i o n s  ( 5 5  ° C t o  75 ° C;  30% t o
7 0% RH;  0 . 6 3  m / s  d r y i n g  a i r  v e l o c i t y ) .  T h e  i n i t i a l  m o i s t u r e  
l e v e l s  o f  t h e  r i c e  a t  t h e s e  c o n d i t i o n s  w e r e  2 8 ,  33 a n d  38%
( d r y  b a s i s ) .  F o u r  d i f f e r e n t  d r y i n g  m o d e l s  w e r e  e v a l u a t e d  f o r  
t h e  s i n g l e - l a y e r  r i c e  d r y i n g  d a t a .  T h e  f i r s t  t wo  w e r e  b a s e d
on  t h e  s o l u t i o n  o f  t h e  d i f f u s i o n  e q u a t i o n  a n d  t h e  o t h e r s
w e r e  e m p i r i c a l .  T h e  f i r s t  e m p i r i c a l  m o d e l  wa s  o f  a q u a d r a t i c  
f o r m ,  w h i l e  t h e  s e c o n d  e m p i r i c a l  m o d e l  wa s  d e v e l o p e d  i n  a 
f o r m  a n a l o g o u s  t o  t h e  d i f f u s i o n  e q u a t i o n  a n d  a s s u m e d  a 
l i n e a r  d e p e n d a n c e  o f  t h e  d r y i n g  c o n s t a n t  on  t h e  m o i s t u r e  
c o n t e n t ,  a s  t h e  d r y i n g  p r o c e e d s .
T h e  t w o - t e r m  e x p o n e n t i a l  f o r m  o f  t h e  d i f f u s i o n  mo d e l  
a n d  t h e  s e c o n d  e m p i r i c a l  m o d e l  w e r e  s e l e c t e d ,  a n d  a 
g e n e r a l i z e d  f o r m  wa s  d e v e l o p e d  w i t h  t h e  a i d  o f  n o n - l i n e a r  
r e g r e s s i o n  t e c h n i q u e s  f o r  t h e  o n - f a r m  c o n d i t i o n s .  F o r  t h e  
c o m m e r c i a l  d r y i n g  c o n d i t i o n s ,  t h e  s e c o n d  e m p i r i c a l  m o d e l  wa s  
e v a l u a t e d .  T h e  e f f e c t  o f  d r y i n g  c o n d i t i o n s  o f  t h e  a i r  
( i n c l u d i n g  t e m p e r a t u r e ,  r e l a t i v e  h u m i d i t y  a n d  v e l o c i t y )  on  
t h e  d r y i n g  r a t e  wa s  a l s o  i n v e s t i g a t e d .
x i i
T h e  g e n e r a l i z e d  m o d e l s  t h a t  w e r e  d e v e l o p e d  w e r e  n e x t  
u s e d  t o  a n a l y z e  a  d e e p  b e d  s i t u a t i o n  i n  r i c e  d r y i n g .  Th e  
o b s e r v e d  e x p e r i m e n t a l  r e s u l t s  f r o m  t h e  d e e p  b e d  s t u d y  w e r e
c o m p a r e d  t o  t h e  s i m u l a t e d  r e s u l t s .  T h e  m o d e l s  i n  g e n e r a l
t e n d e d  t o  u n d e r p r e d i c t  t h e  m o i s t u r e  c o n t e n t ;  h o w e v e r ,  t h e  
e m p i r i c a l  m o d e l  s h o w e d  b e t t e r  r e s u l t s  t h a n  t h e  t w o - t e r m  
e x p o n e n t i a l  m o d e l .  T h e s e  m o d e l s  o v e r p r e d i c t e d  t h e  a i r  
t e m p e r a t u r e  i n  t h e  d e e p  b e d  s i t u a t i o n .  T h e  l a r g e s t  
d i f f e r e n c e  i n  p r e d i c t e d  a n d  o b s e r v e d  t e m p e r a t u r e  wa s  f o u n d  
i n  t h e  t o p  l a y e r s  o f  t h e  d e e p  b e d .
R e c i r c u l a t i o n  o f  e x h a u s t  a i r  wa s  e v a l u a t e d  f o r  a d e e p  
b e d  r i c e  d r y i n g  s i t u a t i o n .  I t  wa s  o b s e r v e d  t h a t  t h e  e n e r g y
r e q u i r e d  t o  d r y  t h e  g r a i n  i n c r e a s e d  w i t h  an  i n c r e a s e  i n  t h e
a m o u n t  o f  e x h a u s t  a i r  r e c y c l e d  i n t o  t h e  s y s t e m .
CHAPTER I
INTRODUCTION
R i c e  i s  t h e  m o s t  i m p o r t a n t  f o o d  c r o p  i n  t h e  w o r l d  i n
t e r m s  o f  t h e  a r e a  u n d e r  c u l t i v a t i o n  a n d  t h e  n u mb e r  o f  p e o p l e
d e p e n d e n t  u p o n  i t .  A l t h o u g h  t h e  r i c e  c r o p  r a n k s  s e c o n d  t o
w h e a t  i n  t e r m s  o f  p r o d u c t i o n  a n d  a r e a  c u l t i v a t e d ,  i t
p r o v i d e s  m o r e  c a l o r i e s  p e r  h e c t a r e  t h a n  a n y  o t h e r  c e r e a l  
c r o p .  I t  i s  e s t i m a t e d  t h a t  h a l f  o f  t h e  w o r l d ' s  p o p u l a t i o n  
u t i l i z e s  r i c e  a s  a m a j o r  s o u r c e  o f  c a l o r i e s  a n d  n u t r i t i o n  
( 3 4 )  .
R i c e  i s  a u n i q u e  c e r e a l  g r a i n  c r o p .  I t  i s  d i f f e r e n t  
f r o m  o t h e r  g r a i n s  b e c a u s e  i t  h a s  a n  o u t e r  h u s k  c o v e r  a n d  a 
b r a n  l a y e r  p r e s e n t  d u r i n g  i t s  d r y i n g  a n d  s t o r a g e .  Th e  h e a t  
a n d  m a s s  t r a n s f e r  i s  t h e r e f o r e  d i f f e r e n t  i n  r i c e  t h a n  o t h e r  
c e r e a l  g r a i n s  l i k e  w h e a t ,  c o r n  a n d  s o y b e a n s .
R o u g h  r i c e  i s  h y g r o s c o p i c  i n  n a t u r e ,  a n d  g a i n s  o r  l o s e s  
m o i s t u r e  a s  t e m p e r a t u r e  a n d  r e l a t i v e  h u m i d i t y  c o n d i t i o n s  
c h a n g e .  T h e  h y g r o s c o p i c  p r o p e r t y  o f  r i c e  g r a i n s  i s  o f  m a j o r  
c o n c e r n  i n  t h e  d e s i g n  o f  d r y i n g  a n d  s t o r a g e  f a c i l i t i e s  ( 1 8 ) .
R i c e  i s  g e n e r a l l y  h a r v e s t e d  a t  m o i s t u r e  l e v e l s  r a n g i n g -  
f r o m  17 t o  24 % w e t  b a s i s  ( w . b . )  w h i c h  i s  u s u a l l y  t o o  h i g h  
f o r  s a f e  s t o r a g e .  T h e r e f o r e ,  r o u g h  r i c e  m u s t  b e  d r i e d  t o  
a p p r o x i m a t e l y  12 t o  13 % m o i s t u r e  l e v e l  ( w . b . )  f o r  s t o r a g e .  
I t  i s  e s s e n t i a l  t o  m i n i m i z e  t h e  d e v e l o p m e n t  o f  f i s s u r e s
2d u r i n g  d r y i n g  w h i c h  ma y  f o r m  d u e  t o  e x c e s s i v e  m o i s t u r e  a n d  
t e m p e r a t u r e  g r a d i e n t s .  F i s s u r e s  l e a d  t o  b r o k e n  g r a i n s  d u r i n g  
m i l l i n g  a n d  r e d u c e  t h e  m i l l e d  r i c e  y i e l d .
H e a t  a n d  m a s s  t r a n s f e r  t a k e  p l a c e  d u r i n g  d r y i n g  o f  
g r a i n s .  H e a t  i s  t r a n s f e r r e d  t o  t h e  l i q u i d  w a t e r  a n d  w a t e r  
v a p o r  i n  t h e  g r a i n  f r o m  t h e  d r y i n g  a i r .  Ma s s  i s  t r a n s f e r r e d  
i n  t h e  f o r m  o f  i n t e r n a l  m o i s t u r e  a n d  e v a p o r a t e d  l i q u i d .  
D r y i n g  i s  a c o n t i n u o u s  p r o c e s s  w h e r e  t h e  m o i s t u r e  c o n t e n t ,  
a i r  a n d  g r a i n  t e m p e r a t u r e ,  a n d  t h e  h u m i d i t y  o f  t h e  a i r  a l l  
c h a n g e  s i m u l t a n e o u s l y  ( 5 6 ) .
T h e  e f f i c i e n c y  o f  d r y i n g  s y s t e m s  c a n  be  i m p r o v e d  by  t h e  
a n a l y s i s  o f  t h e  d r y i n g  p r o c e s s .  A n a l y s i s  o f  d r y i n g  s y s t e m s  
c a n  be  g r e a t l y  e x p e d i t e d  by u s i n g  c o m p u t e r  s i m u l a t i o n .  A 
g e n e r a l i z e d  t h i n  l a y e r  r i c e  d r y i n g  e q u a t i o n  i s  h o w e v e r
n e e d e d  f o r  t h i s  p u r p o s e .  T h e  e q u a t i o n  m u s t  b e  s u i t a b l e  f o r
u s e  a t  a n y  t e m p e r a t u r e ,  r e l a t i v e  h u m i d i t y  a n d  f l o w  r a t e  o f  
t h e  d r y i n g  a i r  u s e d  i n  r i c e  d r y i n g .  A n u m b e r  o f  t h i n  l a y e r s  
c a n  t h e n  be  c o m b i n e d  t o  s t u d y  a n d  p r e d i c t  r i c e  d r y i n g  i n  a
d e e p  b e d  . E f f e c t s  o f  c h a n g e  i n  a c e r t a i n  p a r a m e t e r  o f  t h e
d r y i n g  a i r  c a n  b e  d e t e r m i n e d  f o r  e f f i c i e n t  d r y i n g  a t  mi n i mu m 
o p e r a t  i n g  c o s  t  s .
P r o c e s s e s  u s e d  t o  d r y  r o u g h  r i c e  f o r  s t o r a g e  a r e  
d i v i d e d  i n t o  t wo  b r o a d  c a t e g o r i e s :  t h o s e  t h a t  d r y  g r a i n  i n  a 
f i x e d - b e d  ( b a t c h ) ,  a n d  t h o s e  t h a t  d r y  g r a i n  a s  i t  f l o w s  
c o n t i n u o u s l y  t h r o u g h  t h e  e q u i p m e n t  ( 7 ) .  G r a i n  i n  a f i x e d  b e d  
s y s t e m  i s  d r i e d  w i t h  f o r c e d  a i r ,  w h i c h  may o r  may n o t  b e
3h e a t e d .  G r a i n  q u a l i t y ,  d r y i n g  t i m e  a n d  e n e r g y  e f f i c i e n c y  may 
b e  a f f e c t e d  by  t h e  t e m p e r a t u r e ,  r e l a t i v e  h u m i d i t y  a n d  
v e l o c i t y  o f  t h e  d r y i n g  a i r  i n  a d d i t i o n  t o  t h e  g r a i n  m o i s t u r e  
a n d  o t h e r  i n h e r e n t  g r a i n  p r o p e r t i e s .
R e s e a r c h  o n  r i c e  d r y i n g  a n d  d r y i n g  e q u i p m e n t  i s  
n e c e s s a r y  t o  m e e t  t h e  n e e d  f o r  i n c r e a s e d  r i c e  p r o d u c t i o n  i n  
t h e  w o r l d ,  t o  r e d u c e  p o s t - h a r v e s t  l o s s e s  a n d  t o  d r y  r i c e  
e f f i c i e n t l y  w i t h  mi n i mu m u s e  o f  e n e r g y  a n d  o p t i m u m  m i l l i n g  
y i e l d s .  T h e  a m o u n t  o f  e n e r g y  e x p e n d e d  i n  d r y i n g  i s  an  
i m p o r t a n t  f a c t o r  t o  c o n s i d e r .  R e c i r c u l a t i o n  o f  e x h a u s t  a i r  
w i t h  p r o p e r  c o n t r o l  o f  t h e  a i r  t e m p e r a t u r e  a n d  r e l a t i v e  
h u m i d i t y  may b e  h e l p f u l  i n  e n e r g y  s a v i n g s  w i t h o u t  a d v e r s e l y  
a f f e c t i n g  t h e  y i e l d s .
CHAPTER I I
REVI EW OF LI TERATURE
2 . 1  G e n e r a l
R i c e  i s  a f r a g i l e ,  y e t  d e n s e ,  g r a i n .  C o n s e q u e n t l y ,  i t  
m u s t  be  h a n d l e d  g e n t l y  b e c a u s e  i t  c a n  be  d a m a g e d  e a s i l y .  Th e  
d e n s i t y  o f  t h e  r i c e  k e r n e l  i s  s u c h  t h a t  t h e  m o i s t u r e  d e e p  
w i t h i n  t h e  k e r n e l  d o e s  n o t  come  t o  t h e  s u r f a c e  w i t h  a n y  
a p p r e c i a b l e  s p e e d  a f t e r  t h e  s u r f a c e  m o i s t u r e  h a s  b e e n  
e v a p o r a t e d .  L o g i c a l l y ,  t h i s  m e a n s  t h a t  t h e  i n t e r n a l  m o i s t u r e  
w i l l  t a k e  t i m e  t o  m i g r a t e  t o  t h e  s u r f a c e  ( 1 ) .
T h e  r i c e  k e r n e l ,  h o w e v e r ,  i s  s e n s i t i v e  t o  u n e q u a l  
m o i s t u r e  d i s t r i b u t i o n .  D u r i n g  d r y i n g ,  t h e  o u t e r  l a y e r s  o f  
r i c e  k e r n e l s  b e c o m e  d r i e r  t h a n  t h e  c e n t r a l  p a r t  a n d  
m e c h a n i c a l  s t r e s s e s  d e v e l o p  a s  a r e s u l t .  I f  t o o  mu c h  
m o i s t u r e  i s  r e m o v e d  t o o  q u i c k l y ,  t h e  k e r n e l s  o f  r i c e  u s u a l l y  
f i s s u r e .
2 . 2  T h e o r y  o f  g r a i n  d r y i n g .
G r a i n  d r y i n g  i s  a  p r o c e s s  o f  s i m u l t a n e o u s  h e a t  a n d  
m o i s t u r e  t r a n s f e r .  T h i s  d e f i n i t i o n  i n c l u d e s  t h e  m a s s  
t r a n s f e r  a s  l i q u i d  a n d  v a p o r  w i t h i n  t h e  s o l i d  a n d  t h e  h e a t
4
5t r a n s f e r r e d  t o  e v a p o r a t e  t h e  s u r f a c e  m o i s t u r e  ( 7 ,  5 0 ) .
T h e  d r y i n g  p r o c e s s  i s  g e n e r a l l y  d i v i d e d  i n t o  t wo  
p e r  i o d s  ( 7  ) :
1 .  A c o n s t a n t  r a t e  d r y i n g  p e r i o d .
2 .  A f a l l i n g  r a t e  d r y i n g  p e r i o d .
I n  t h e  c o n s t a n t  r a t e  p e r i o d ,  d r y i n g  r a t e  i s  d e t e r m i n e d  
by  t h e  c o n d i t i o n s  o f  t h e  d r y i n g  a i r  a n d  t h e  d r y i n g  t a k e s  
p l a c e  f r o m  t h e  s u r f a c e  o f  t h e  g r a i n .  T y p i c a l l y  t h i s  d r y i n g  
o c c u r s  wh e n  t h e  i n i t i a l  m o i s t u r e  c o n t e n t  i s  a b o v e  70% 
( w . b . )  w h e r e  t h e  i n t e r n a l  r e s i s t a n c e  t o  m o i s t u r e  i s  mu c h  
l e s s  t h a n  t h e  e x t e r n a l  r e s i s t a n c e  t o  w a t e r  v a p o r  r e m o v a l  
f r o m  t h e  p r o d u c t  s u r f a c e .
T h e  d r y i n g  o f  c e r e a l  g r a i n  k e r n e l s  p r i n c i p a l l y  o c c u r s  
i n  t h e  f a l l i n g  r a t e  p e r i o d .  H e r e  t h e  d r y i n g  r a t e  i s  
c o n t r o l l e d  by i n t e r n a l  f l o w  o f  l i q u i d  a n d / o r  v a p o r  i n  
r e s p o n s e  t o  t h e  c o n d i t i o n s  o f  t h e  d r y i n g  a i r .  T h e  c a u s e  o f  
t h i s  f a l l i n g  o f f  i n  t h e  r a t e  o f  m o i s t u r e  r e m o v a l  i s  d u e  t o  
t h e  i n a b i l i t y  o f  t h e  m o i s t u r e  t o  b e  c o n v e y e d  t o  t h e  s u r f a c e  
a t  a r a t e  c o m p a r a b l e  w i t h  t h a t  o f  i t s  r e m o v a l  f r o m  t h e  
s u r f a c e  o f  t h e  g r a i n  ( 3 ) .  T h e r e  h a v e  b e e n  ma n y  t h e o r i e s
p r o p o s e d  t o  e x p l a i n  t h e  n a t u r e  o f  t h e  p r o c e s s  o f  m o i s t u r e  
m o v e m e n t  f r o m  t h e  i n s i d e  t o  t h e  o u t s i d e  o f  t h e  g r a i n .  H a l l  
( 1 9 )  l i s t e d  t h e  f o l l o w i n g  p h y s i c a l  m e c h a n i s m s  w h i c h  may 
c o n t r o l  t h e  i n t e r n a l  m o v e m e n t  o f  m o i s t u r e  w i t h i n  
a g r i c u l t u r a l  p r o d u c t s :
61.  D i f f u s i o n  ( l i q u i d  a n d / o r  v a p o r )
2 .  C a p i l l a r y  a c t i o n
3 .  S h r i n k a g e  a n d  v a p o r  p r e s s u r e  g r a d i e n t s
4 .  Gr  a v  i t  y
5 .  V a p o r i z a t i o n  o f  m o i s t u r e .
M o s t  r e s e a r c h e r s  g e n e r a l l y  a g r e e  t h a t  m o i s t u r e  w i t h i n  
t h e  g r a i n  mo v e s  by d i f f u s i o n  ( 6 ,  7 ,  2 0 ,  4 0 ,  5 1 ,  6 2 ,  6 4 ,  6 5 ) .  
C a p i l l a r y  f o r c e s  a p p e a r  t o  p l a y  o n l y  a s m a l l  p a r t  i n  t h e  
f l o w  ( 3 5 ) .  H o w e v e r ,  t h e r e  i s  d i s a g r e e m e n t  a s  t o  w h e t h e r  t h e  
m o i s t u r e  m o v e m e n t  i s  by  l i q u i d  d i f f u s i o n ,  v a p o r  d i f f u s i o n ,  
o r  by a c o m b i n a t i o n  o f  b o t h  ( 2 5 ) .  A g r e a t  d e a l  o f  w o r k  h a s  
b e e n  r e p o r t e d  on m o i s t u r e  t r a n s f e r  i n  h o m o g e n e o u s  p o r o u s ,  
h y g r o s c o p i c  b o d i e s  u s i n g  l i q u i d  d i f f u s i o n  e q u a t i o n s  ( 6 ,  2 0 ,  
3 0 ,  4 1 ,  5 5 ,  6 4 ,  68 ) .  V a p o r  d i f f u s i o n  e q u a t i o n s  h a v e  b e e n
d e v e l o p e d  f o r  a p o r o u s  s p h e r e  w i t h  c o n c e n t r i c  s h e l l s  ( 6 8 )  
a n d  a p p l i e d  t o  m o i s t u r e  m o v e m e n t  i n  p e a n u t  p o d s  ( 6 9 ) .  
C h i n n a n  ( 1 2 )  h a s  s t u d i e d  t h e  d i f f u s i o n  e q u a t i o n s  d e s c r i b i n g
m o i s t u r e  m o v e m e n t  i n  p e a n u t  p o d s  a n d  c o m p a r e d  v a p o r  a n d
l i q u i d  d i f f u s i o n  e q u a t i o n s .  He f o u n d  t h a t  t h e  l i q u i d  
d i f f u s i o n  e q u a t i o n s  g a v e  a b e t t e r  f i t  d u r i n g  t h e  d r y i n g  
p e r i o d .  H o w e v e r ,  b o t h  t h e  l i q u i d  a n d  v a p o r  d i f f u s i o n
e q u a t i o n s  w e r e  f o u n d  t o  g i v e  a n  a d e q u a t e  p r e d i c t i o n  o f  t h e  
d r y i n g  c u r v e .
72 . 3  T h i n  l a y e r  d r y i n g  e q u a t i o n .
T h i n  l a y e r  d r y i n g  ma y  b e  d e f i n e d  a s  t h e  d r y i n g  o f  a  b e d  
o f  g r a i n  t h a t  i s  a p p r o x i m a t e l y  o n e  k e r n e l  d e e p  a n d  w h i c h  i s  
f u l l y  e x p o s e d  t o  a i r  a t  a  c o n s t a n t  t e m p e r a t u r e ,  h u m i d i t y  a n d  
v e l o c i  t y  ( 3 4 ) .
T h e  t h i n  l a y e r  d r y i n g  e q u a t i o n  c a n  b e  d i v i d e d  i n t o  
t h r e e  g r o u p s  ( 1 0 ,  5 0 ,  6 0 ) :
a .  T h e o r e t i c a l  d r y i n g  e q u a t i o n s .
b .  S e m i - t h e o r e t i c a l  d r y i n g  e q u a t i o n s .
c .  E m p i r i c a l  d r y i n g  e q u a t i o n s .
a . T h e o r e t i c a l  d r y i n g  e q u a t i o n s .
L u i k o v  ( 3 5 )  a p p l i e d  t h e  c o n t i n u u m  t h e o r y  a n d  t h e  t h e o r y  
o f  i r r e v e r s i b l e  t h e r m o d y n a m i c s  t o  d e s c r i b e  t h e  m a s s  t r a n s f e r  
i n  a c a p i l l a r y - p o r o u s  b o d y .  T h e  m o d e l  e q u a t i o n s  a r e  a s y s t e m  
o f  p a r t i a l  d i f f e r e n t i a l  e q u a t i o n s  o f  t h e  f o l l o w i n g  f o r m  
( 7 )  :
d M / d t  = V 2 K11M + V 2k ! 2 T + V 2K1 3 P ( 1 )
d T / d t  = V 2K2 i "  + V 2 K2 2 T + V 2K2 3 P <2)
d P / d t  = V S l M + V 2K3 2 T + V 2k 3 3 P ( 3 )
8wh e  r e
M = m o i s t u r e  c o n t e n t ,
T = t e m p e r a t u r e ,  
t  = t  i m e ,
= p a r t i a l  d i f f e r e n t i a l  o p e r a t o r  i n  t h e  
a p p r o p r i a t e  c o o r d i n a t e  s y s t e m ,
K.  . = p h e n o m e n o l o g i c a l  c o e f f i c i e n t s ;  i = 1 , 2 , 3  
K . j  = c o u p l i n g  c o e f f i c i e n t s ;  j = 1 , 2 , 3 ;  i ? j .
T h e  c o u p l i n g  r e s u l t s  f r o m  t h e  c o m b i n e d  e f f e c t s  o f  t h e  
m o i s t u r e ,  t e m p e r a t u r e ,  a n d  t o t a l  p r e s s u r e  g r a d i e n t s  on  t h e  
m o i s t u r e ,  e n e r g y  a n d  t o t a l  m a s s  t r a n s f e r s .
I n  t h e  d r y i n g  o f  b i o l o g i c a l  p r o d u c t s ,  t h e  m o i s t u r e  f l o w  
d u e  t o  a t o t a l  p r e s s u r e  g r a d i e n t  i s  s i g n i f i c a n t  o n l y  i n  
d r y i n g  a t  p r o d u c t  t e m p e r a t u r e s  w e l l  a b o v e  t h e  t e m p e r a t u r e  
e m p l o y e d  i n  c e r e a l  g r a i n  d r y i n g  ( 7 ,  1 1 ,  2 9 ) .  T h u s ,  t h e
p r e s s u r e  t e r m s  c a n  be  d r o p p e d  i n  e q u a t i o n s  1 ,  2 a n d  3 a b o v e  
a n d  t h e  m o d i f i e d  e q u a t i o n s  b e c o m e :
d M / d t  = ^ 2K n M + ^ 2K 1 2 T ( 4 )
d T / d t  = ' \ 7 2K 2 1 M + y 2K2 2 T.  ( 5 )
H u s a i n  ( 2 9 )  a p p l i e d  E q u a t i o n s  4 a n d  5 t o  a n u m b e r  o f  
b i o l o g i c a l  p r o d u c t s  a n d  c o n c l u d e d  t h a t  c o n s i d e r a t i o n  o f
c o u p l i n g  e f f e c t s  o f  t e m p e r a t u r e  a n d  m o i s t u r e  i n  t h e  a n a l y s i s  
o f  g r a i n  d r y i n g  i s  r e q u i r e d  i n  a v e r y  l i m i t e d  n u mb e r  o f  
c e r e a l  g r a i n s .  T h u s ,  t h e  s i m p l i f i e d  e q u a t i o n s  b e c o m e :
d M / d t  = \ 7 2 Kn M ( 6 )
d T / d t  = V 2k 2 2 T ‘ ( 7 )
I n  d r y i n g  o f  c e r e a l  g r a i n s ,  t h e  t e m p e r a t u r e  g r a d i e n t s  
c a n  be  n e g l e c t e d  ( 7 ) .  T h e r e f o r e ,  t h e  m o i s t u r e  mo v e me n t  by  
d i f f u s i o n  c a n  b e  d e s c r i b e d  a s :
I t  i s  g e n e r a l l y  a c c e p t e d  t h a t  m o i s t u r e  f l o w  i n  a g r a i n  
k e r n e l  t a k e s  p l a c e  by  l i q u i d  o r  v a p o r  d i f f u s i o n .  Newman 
( 4 0 )  a n d  S h e r w o o d  ( 5 1 )  d e r i v e d  a n  e q u a t i o n  s i m i l a r  t o  
e q u a t i o n  9 a b o v e  b a s e d  on  F i c k ’ s s e c o n d  l a w ,  w h i c h  s t a t e s  
t h a t  a t  a n y  s e c t i o n  t h e  r a t e  o f  d e c r e a s e  i n  f l o w  i n  t h e  
x - d i r e c t i o n  w i l l  b e  e q u a l  t o  t h e  r a t e  o f  i n c r e a s e  i n  w a t e r  
c o n t e n t ,  i n  t h a t  s e c t i o n .
d M / d t ( 8 )
o r ,  a s s u m i n g  t h e  i s  d i f f u s i o n  c o e f f i c i e n t  k:
d M/ d t ( 9 )
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T h e  f o l l o w i n g  i n i t i a l  a n d  b o u n d a r y  c o n d i t i o n s  a r e  
u s u a l l y  a s s u m e d  i n  s o l v i n g  e q u a t i o n  9:
M ( r , o ) = M.
M( r , t ) = M o ’ e
w h e r  e
M. = i n i t i a l  m o i s t u r e  c o n t e n t ,
1
= e q u i l i b r i u m  m o i s t u r e  c o n t e n t ,
r = p o s i t i o n  c o o r d i n a t e ,
r = r a d i u s  o f  k e r n e l ,  o
N e w m a n ' s  s o l u t i o n  t o  e q u a t i o n  9 c o n s i d e r e d  t h r e e  b a s i c  
s h a p e s ,  n a m e l y  a p l a n e  s h e e t  o r  s l a b ,  a s p h e r e  a n d  a 
c y l i n d e r  ( 4 0 ) .
F o r  a s l a b
M \L
n=0 (2 n + l )
exp ( 2 n + l ) 2 t t  2 x 2
(1 0 )
f o r  a  s p h e r e :
wher  e
r = r a d  i u s ,
f o r  a n  i n f i n i t e  c y l i n d e r :
00
4
( 1 2 )
n = l  n
where
T h e
p r o p o s e d
\  = t h e  r o o t s  o f  B e s s e l  f u n c t i o n  o f  z e r o  o r d e r ,
D = d i f f u s i o n  c o e f f i c i e n t ,
V = v o I u m e , a n d  
A = s u r f a c e  a r e a .
g e n e r a l  e q u a t i o n  o f  t h e  m o i s t u r e - t i m e  r e l a t i o n s h i p  
by Newman c a n  be  e x p r e s s e d  i n  t h e  f o r m :
n
M = (M -  M ) / (M -  M . ) ,  r e l
x = A ( D t ) 0 ' 5 /  V ,
( 1 3 )
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wher  e
t  = t  i m e ,
k = d i f f u s i v i t y ,  ( l e n g t h  / t i m e ) ,
A , B , C . . .  e t c ,  a n d
a , b , c . . .  e t c ,  = c h a r a c t e r i s t i c  c o n s t a n t s  o f  t h e
d r y i n g  p r o d u c t .
Newman o b s e r v e d  t h a t  t h e  s e r i e s  c o n v e r g e s  r a p i d l y  a n d  
a f t e r  a p e r i o d  o f  t i m e  c a n  be  r e p r e s e n t e d  by t h e  f i r s t  t e r m ,  
o r  :
M = A e ( - k t )  ( 1 4 )r
b . S e m i - t h e o r e t i c a l  d r y i n g  e q u a t i o n s .
L e w i s  ( 3 3 )  d e t e r m i n e d  a r e l a t i o n s h i p  s i m i l a r  t o  
e q u a t i o n  14 t h a t  i s  a n a l o g o u s  t o  N e w t o n ' s  l a w  o f  c o o l i n g .  He 
s u g g e s t e d  t h a t  t h e  r a t e  o f  r e m o v a l  o f  m o i s t u r e  f r o m  a  
p r o d u c t  wa s  p r o p o r t i o n a l  t o  t h e  d i f f e r e n c e  b e t w e e n  t h e  
a v e r a g e  m o i s t u r e  c o n t e n t  a n d  t h e  e q u l i b r i u m  m o i s t u r e  c o n t e n t  
o f  t h e  p r o d u c t ,  a n d  c o u l d  b e  e x p r e s s e d  a s :
d M / d t  = k (M -  M ) ( 1 5 )
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wher  e
M = a v e r a g e  m o i s t u r e  c o n t e n t ,  % , ( d . b . )
t  = d r y i n g  t i m e ,  h r
k = d r y i n g  p a r a m e t e r  o r  c o n s t a n t ,  h r  *
Mg = e q u i l i b r i u m  m o i s t u r e  c o n t e n t ,  % , ( d . b . )
He d e r i v e d  t h i s  e q u a t i o n  on  t h e  a s s u m p t i o n  t h a t  t h e  
r e s i s t a n c e  t o  m o i s t u r e  f l o w  i s  c o n c e n t r a t e d  a t  t h e  s u r f a c e  
o f  t h e  m a t e r i a l .  Th e  e q u a t i o n  ma y  b e  i n t e g r a t e d  t o :
M = A e ( " k * *.  ( 1 6 )r
T h i s  e q u a t i o n  i s  c o m mo n l y  k n o wn  a s  t h e  e x p o n e n t i a l  o r  
l o g a r i t h m i c  m o d e l .  I f  t h e  c o n s t a n t  " A " i n  e q u a t i o n  16 i s  
e q u a l  t o  u n i t y ,  t h e  e q u a t i o n  i s  r e d u c e d  t o  t h e  s a me  f o r m  a s  
t h e  N e w t o n ' s  l a w  o f  c o o l i n g  m o d e l .
c . E m p i r i c a l  d r y i n g  e q u a t i o n s
A m o d i f i e d  f o r m  o f  t h e  l o g a r i t h m i c  d r y i n g  e q u a t i o n  i s  
o f t e n  u s e d  t o  d e s c r i b e  t h e  d r y i n g  r a t e  o f  b i o l o g i c a l  
p r o d u c t s .  P a g e  ( 4 2 )  f o u n d  t h a t  t h e  d r y i n g  r a t e  o f  s h e l l e d  
c o r n  d u r i n g  t h e  f a l l i n g  r a t e  p e r i o d  c o u l d  b e  d e s c r i b e d  by  an  
e q u a t i o n  o f  t h e  f o r m :
w h e r e
n = d r y i n g  e x p o n e n t ,  d i m e n s i o n  1e s s .
P a g e  ( 4 2 )  a l s o  f o u n d  t h a t  t h e  v a l u e s  o f  k a n d  n v a r i e d  
w i t h  t h e  r e l a t i v e  h u m i d i t y  o f  d r y i n g  a i r .  Ma ny  r e s e a r c h e r s  
( 2 ,  1 7 ,  3 7 ,  5 9 ,  6 4 )  u s e d  t h i s  e q u a t i o n  i n  t h e i r  a n a l y s e s  o f  
t h i n  l a y e r  d r y i n g .  T h e y  f o u n d  t h a t  t h e  P a g e  m o d e l  g a v e  
b e t t e r  r e s u l t s  t h a n  t h e  l o g a r i t h m i c  m o d e l .
C h e n  a n d  J o h n s o n  ( 1 1 )  c o n s i d e r e d  t h e  k i n e t i c s  o f  
m o i s t u r e  m o v e m e n t  i n  h y g r o s c o p i c  m a t e r i a l s  d u r i n g  d r y i n g ,  
a n d  h a v e  p r e s e n t e d  t h e  f o l l o w i n g  m o d e l :
d M / d t  = k ( M -  Me ) n ( 1 8 )
w h e r e
k ,  n = e x p e r i m e n t a l  c o n s t a n t s
M = t h e  m o i s t u r e  c o n t e n t  a t  t i m e . t ,  % , ( d . b . )
T h e y  a s s u m e d  t h a t  d i f f u s i o n  wa s  t h e  m e c h a n i s m  o f  
i n t e r n a l  f l o w  o f  m o i s t u r e  i n  t h e  m a t e r i a l .
T h o m p s o n  ( 5 5 )  d e v e l o p e d  a t h i n  l a y e r  d r y i n g  e q u a t i o n  
f o r  s h e l l e d  c o r n  w i t h  d r y i n g  a i r  t e m p e r a t u r e s  r a n g i n g  f r o m  
60 ° C  t o  160  ° C ,  b a s e d  on  a s e c o n d  o r d e r  e x p o n e n t i a l
f u n c t  i o n :
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t  = A l n ( M  ) + B [ l n ( M  ) ] 2 r r ( 1 9 )
w h e r e
A , B  = e m p i r i c a l  c o e f f i c i e n t s .
2 . 4  D i f f u s i o n  c o e f f i c i e n t s  a n d  d r y i n g  c o n s t a n t s
I n  d r y i n g ,  d i f f u s i o n  c o e f f i c i e n t s  a r e  u s e d  t o  d e s c r i b e  
t h e  f l o w  o f  h e a t  i n t o  a  p r o d u c t  a n d  t h e  f l o w  o f  m o i s t u r e  o r  
m a s s  o u t  o f  a p r o d u c t  ( 1 8 ) .  F o r  a c o n s t a n t  r a t e  p r o c e s s ,  t h e  
d i f f u s i o n  i s  c o n s t a n t ;  f o r  a f a l l i n g  r a t e  p r o c e s s  t h e  
d i f f u s i o n  c o n s t a n t  n o r m a l l y  d e c r e a s e s  i n  v a l u e  w i t h  t i m e .  
D i f f u s i o n  c o e f f i c i e n t s  a n d  d r y i n g  c o n s t a n t s  a r e  a v a i l a b l e  
f o r  a n u m b e r  o f  c e r e a l  g r a i n s .  T h e  d r y i n g  c o n s t a n t ,  k ,  a s  
s e e n  f r o m  e q u a t i o n  15 i s  r e l a t e d  t o  t h e  d i f f u s i o n  
c o e f f i c i e n t ,  D,  a n d  t h e  k e r n e l  r a d i u s ,  r ,  b y  t h e  e q u a t i o n :
k ( s p h e r e )  = TT2D / r 2 ( 2 0 )
whe  r e
k = d r y i n g  c o n s t a n t ,  h r  * ,
2
D = h y g r o s c o p i c  d i f f u s i v i t y ,  cm / h r ,  a n d
r = r a d i u s , cm.
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T h e  d r y i n g  c o n s t a n t  ma y  b e  a f f e c t e d  by t h e  t e m p e r a t u r e  
o f  d r y i n g  a i r ,  i t s  r e l a t i v e  h u m i d i t y  a n d  v e l o c i t y .  I t  may
a l s o  v a r y  w i t h  t h e  m o i s t u r e  c o n t e n t  o f  t h e  g r a i n  ( 8 ) .
Ma n y  r e s e a r c h e r s  ( 8 ,  1 3 ,  5 2 ,  6 3 )  h a v e  f o u n d  t h a t  t h e
d r y i n g  c o n s t a n t  i n c r e a s e d  w i t h  t e m p e r a t u r e  o f  t h e  d r y i n g  
a i r .  T h e  r e l a t i o n s h i p  b e t w e e n  t h e  d r y i n g  c o n s t a n t  a n d  t h e
d r y i n g  a i r  t e m p e r a t u r e  h a s  b e e n  s h o wn  i n  ma n y  e q u a t i o n s .  
H e n d e r s o n  a n d  P a b i s  ( 2 1 )  s t u d i e d  t h e  t h i n  l a y e r  d r y i n g  o f  
m a i z e  a n d  f o u n d  t h a t  t h e  d r y i n g  c o n s t a n t  v a r i e s  w i t h  
t e m p e r a t u r e  a c c o r d i n g  t o  a n  A r r h e n i u s  r e l a t i o n s h i p :
k = k e ( _ c / T a b s ) ( 2 1 )o
w h e r e
k = d r y i n g  c o n s t a n t ,
k = m a t e r i a l  c o n s t a n t ,  o
c = m a t e r i a l  c o n s t a n t ,
Ta b s  = a b s o l u t e  t e m p e r a t u r e ,  ° R .
S e v e r a l  i n v e s t i g a t o r s  ( 2 1 ,  3 6 ,  4 6 ,  5 9 )  u s e d  t h e
l o g a r i t h m i c  m o d e l  t o  d e s c r i b e  t h e  d r y i n g  o f  s ome  
a g r i c u l t u r a l  p r o d u c t s  a n d  f o u n d  t h a t  a s i n g l e  t e m p e r a t u r e  
d e p e n d e n t  d r y i n g  p a r a m e t e r  u n d e r e s t i m a t e s  t h e  d r y i n g  r a t e  i n  
t h e  i n i t i a l  s t a g e  a n d  o v e r e s t i m a t e s  i t  i n  t h e  f i n a l  s t a g e  o f  
d r y i n g .
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I n v e s t i g a t i o n  o f  r e l a t i v e  h u m i d i t y  e f f e c t s  on t h e  d r y i n g  
c o n s t a n t  h a v e  s h o wn  m i x e d  r e s u l t s .  A l l e n  ( 3 )  u s e d  t h e  
l o g a r i t h m i c  d r y i n g  m e t h o d  a n d  c o n c l u d e d  t h a t  t h e  d r y i n g  
c o n s t a n t  wa s  h i g h l y  d e p e n d e n t  on  r e l a t i v e  h u m i d i t y .  Many  
i n v e s t i g a t o r s  ( 2 8 ,  52 , 5 9 ,  6 3 )  h a v e  a l s o  f o u n d  t h a t  t h e
r e l a t i v e  h u m i d i t y  a f f e c t s  t h e  d r y i n g  c o n s t a n t .  H o w e v e r ,  s ome  
r e s e a r c h e r s  ( 1 3 ,  2 1 )  h a v e  f o u n d  t h a t  t h e r e  wa s  no  e f f e c t  o f
r e l a t i v e  h u m i d i t y  on t h e  d r y i n g  c o n s t a n t .
S e v e r a l  d r y i n g  m o d e l s  u s e d  r e l a t i v e  h u m i d i t y  o n l y  i n  
d e t e r m i n i n g  t h e  e q u i l i b r i u m  m o i s t u r e  c o n t e n t  w h e r e a s  o t h e r s  
c o n s i d e r  i t  a s  a f a c t o r  i n f l u e n c i n g  t h e  d r y i n g  p a r a m e t e r s  
s u c h  a s  t h e  d r y i n g  c o n s t a n t .
T h e  e f f e c t  o f  v e l o c i t y  o f  d r y i n g  a i r  h a s  a l s o  y i e l d e d  
m i x e d  r e s u l t s .  R e s e a r c h e r s  h a v e  g e n e r a l l y  a s s u m e d  t h a t  t h e  
i n t e r n a l  r e s i s t a n c e  t o  m o i s t u r e  m o v e m e n t  o f  a g r i c u l t u r a l  
m a t e r i a l s  i s  s o  g r e a t  wh e n  c o m p a r e d  t o  t h e  s u r f a c e  m a s s  
t r a n s f e r  r e s i s t a n c e  t h a t  t h e  a i r  r a t e  p a s t  t h e  p a r t i c l e s  h a s  
no  s i g n i f i c a n t  e f f e c t  on  t h e  d r y i n g  r a t e  ( 2 6 ) .  H e n d e r s o n  a n d  
P a b i s  ( 2 2 )  f o u n d  t h a t  t h e  v e l o c i t y  o f  d r y i n g  a i r  h a d  no 
e f f e c t  on  t h e  d r y i n g  c o n s t a n t  w h e n  a i r  f l o w  wa s  t u r b u l e n t .  
Some r e s e a r c h e r s  ( 3 ,  8 ,  5 2 )  h a v e  i n d i c a t e d  t h a t  a i r  v e l o c i t y  
a f f e c t s  t h e  d r y i n g  c o n s t a n t ,  w h i l e  o t h e r s  ( 1 3 ,  2 8 ,  4 0 )  h a v e
r e p o r t e d  no  r e l a t i o n s h i p  b e t w e e n  a i r  v e l o c i t y  a n d  t h e  d r y i n g  
c o n s  t a n  t .
C h i t t e n d e n  a n d  H u s t r u l i d  ( 1 3 )  d e t e r m i n e d  t h e  d r y i n g  
c o n s t a n t  o f  s h e l l e d  c o r n ,  a n d  f o u n d  t h a t  t h e  d i f f u s i v i t y  a t
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a n y  p o i n t  w i t h i n  t h e  d r y i n g  k e r n e l  v a r i e d  w i t h  t h e  i n i t i a l  
m o i s t u r e  c o n t e n t .  B e c k e r  a n d  S a l l a n s  ( 6 )  u s e d  t h e  d i f f u s i o n  
e q u a t i o n  i n  s p h e r i c a l  c o o r d i n a t e s  t o  d e s c r i b e  m o i s t u r e  
m o v e m e n t  i n  g r a i n  k e r n e l s  a n d  f o u n d  a s h a r p  d e c r e a s e  i n  t h e  
d i f f u s i o n  c o e f f i c i e n t  o f  w h e a t  a s  t h e  m o i s t u r e  c o n t e n t  
d r o p p e d  b e l o w  t e n  p e r c e n t  ( d . b . ) .
W h i t a k e r  e t  a 1 . ,  ( 6 4 )  a p p l i e d  t h e  s o l u t i o n  o f  t h e  
n o n - l i n e a r  d i f f u s i o n  e q u a t i o n  t o  t h e  d r y i n g  o f  a p o r o u s  
s p h e r e  o f  a n  i n o r g a n i c  m a t e r i a l .  U s i n g  t h e  m e t h o d  o f  l e a s t  
s q u a r e s  f i t t i n g ,  t h e y  p r e s e n t e d  a  d i f f u s i v i t y  f u n c t i o n  o f  
t h e  f o r m :
D = . 0 1 3 5  -  . 0 0 0 4 2 M.  ( 2 2 )
Ch u  a n d  H u s t r u l i d  ( 1 4 )  d e v e l o p e d  t h e  r e l a t i o n s h i p  o f  
t h e  d i f f u s i v i t y  o f  c o r n  t o  i t s  t e m p e r a t u r e  a n d  m o i s t u r e  
c o n t e n t  i n  t h e  f o r m :
D = 1 . 5 1 3 4  e x p t ( 0 . 0 0 0 4 5  T a b g  -  0 . 5 4 8 5 )  M -  2 5 1 3 / T a b g ] .
( 2 3 )
T h e  t h r e e  m o s t  c o m mo n l y  u s e d  p a r t i c l e  g e o m e t r i e s ,  f o r  
t h e  d i f f u s i o n  e q u a t i o n  a r e  s p h e r i c a l ,  i n f i n i t e  c y l i n d e r  a n d  
s l a b .  P a b i s  a n d  H e n d e r s o n  ( 4 1 )  a p p l i e d  t h e  s i n g l e - t e r m  
d i f f u s i o n  e q u a t i o n  t o  a  b r i c k  s h a p e  f o r  a n  a n a l y s i s  o f  t h e  
d r y i n g  c u r v e  f o r  s h e l l e d  c o r n .  H o w e v e r ,  t h e y  s u g g e s t e d  t h a t  
t h e  d i f f u s i o n  e q u a t i o n  f o r  a s p h e r e  b e  u s e d  f o r  s i m p l i c i t y .
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Some r e s e a r c h e r s  ( 6 ,  2 6 ,  3 0 )  t r e a t e d  a g r a i n  k e r n e l  a s  an
i s o t r o p i c  s p h e r e ,  s y m m e t r i c  w i t h  r e s p e c t  t o  i t s  c e n t e r ,  a n d  
f o u n d  t h a t  t h e  d i f f u s i o n  e q u a t i o n  f i t s  t h e  d a t a  f o r  
m o i s t e n e d  c o r n  d u r i n g  t h e  e a r l y  s t a g e  o f  d r y i n g .
2 . 5  T h i n - l a y e r  d r y i n g  e q u a t i o n  o f  r i c e
Wa ng  ( 6 2 )  u s e d  t h e  s i n g l e  t e r m  d i f f u s i o n  e q u a t i o n  t o  
d e v e l o p  a t h i n  l a y e r  d r y i n g  e q u a t i o n  f o r  m e d i u m  g r a i n  r o u g h  
r i c e  a t  t h i r t y  d i f f e r e n t  d r y i n g  a i r  t e m p e r a t u r e s  a n d  
h u m i d i t i e s .  He u s e d  t h e  d r y i n g  d a t a  o f  t h e  f i r s t  f o r t y  
m i n u t e s  o f  d r y i n g  t i m e  t o  d e v e l o p  t h e  m o d e l .
T h e  e q u a t i o n  i s  g i v e n  b y :
M = A e ( _ k t )  ( 2 4 )r
w h e r e
A = 0 . 9 6  -  . 0 0 0 0 8 8 2 6 T  + 0 . 0 2 3 2 4 R H ,  
k = 0 . 0 0 2 8 1 4  + . 0 0 0 1 2 6 7 T  + 0 . 0 0 3 6 2 0 R H ,  
t  = t  i m e , m i n ,
RH = r e l a t i v e  h u m i d i t y ,  d e c i m a l ,  
a n d  T = a i r  t e m p e r a t u r e ,  ° C .
A g r a w a l  a n d  S i n g h  ( 2 )  s t u d i e d  s h o r t  g r a i n  r o u g h  r i c e  
d r y i n g  by  u s i n g  P a g e ' s  e q u a t i o n  f o r  t h e  f o r m  o f  t h e  t h i n
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l a y e r  e q u a t i o n .  T h i s  g i v e s  t h e  e q u a t i o n :
M = e ( _ x t  * ( 2 5 )r
wh e  r e
x = 0 . 0 2 9 5 8  -  0 . 44  5 6 5RH + 0 . 0 1 1 2 5 T ,  
n = 0 . 1 3 3 6 5  + 1 . 9 3 6 5 R H  -  1 . 7 7 4 3 1 R H 2 + 0 . 0 0 9 4 5 6 8 T ,  
t  = t  i m e , h r ,
T = t e m p e r a t u r e ,  ° C . , a n d
RH = r e l a t i v e  h u m i d i t y ,  d e c i m a l .
Wa ng  ( 6 2 )  a l s o  o b t a i n e d  t h e  f o l l o w i n g  c o e f f i c i e n t s  f o r  
m e d i u m  g r a i n  r o u g h  r i c e :
x = 0 . 0 1 5 7 9  + 0 . 0 0 0 1 7 4 6T -  0 . 0 1 4 1 3 R H ,  
n = 0 . 6 5 4 5  + 0 . 0 0 2 4 2 5 T  -  0 . 0 7 8 6 7 R H .
Ma n y  r e s e a r c h e r s  r e l a t e d  t h e  t h i n - l a y e r  d r y i n g  p r o c e s s  
t o  a  d i f f u s i o n  p r o c e s s  a n d  s u g g e s t e d  t h a t  t h e  mo i s t u r e - 1 i m e  
r e l a t i o n s h i p  c a n  b e  e x p r e s s e d  i n  t h e  f o r m  o f  a s e r i e s .  
H e n d e r s o n  a n d  H e n d e r s o n  ( 2 3 )  h a v e  s h o wn  t h a t  t wo  t e r m s  o f  a 
s e r i e s  w e r e  f o u n d  t o  b e  e f f e c t i v e  i n  a n a l y t i c a l l y  d e s c r i b i n g  
t h e  e x p e r i m e n t a l  r e s u l t s  o f  a t h i n  l a y e r  o f  r i c e  d r i e d  w i t h  
4 3 ° C  a i r :
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Mr = 0 . 6  5 e x p {-  0 . 0 2 2 1 + e x p [ - 0 . 2 2 ( 9 ) t  ] / 9 } ( 2 6 )
w h e r e
t  = t  i m e , h r  .
S h a r a f f - E l d e e n  ( 4 9 )  u s e d  t wo  a n d  t h r e e - t e r m  e x p o n e n t i a l  
m o d e l s  t o  d e s c r i b e  t h e  d r y i n g  c u r v e  f o r  r o u g h  r i c e  d r y i n g :
Mr = A e ( k t )  + ( l - A ) e ( " B l k t )  ( 2 7 )
a n d
M = A e ( " k t )  + A e ( B i k t )  + r o 1
(1 -  A : ) e ( ' B 2 k t )
( 2 8 )
w h e r e
Aj  = c h a r a c t e r i s t i c  c o n s t a n t s  o f  t h e  d r y i n g  o b j e c t ,
i = 0 , 1 , 2 ...............
B.  = c h a r a c t e r i s t i c  c o n s t a n t s  o f  t h e  d r y i n g  o b j e c t ,
i = 1 , 2 , 3 .............. ,
k = ( C ) ( D )  d r y i n g  p a r a m e t e r ,  h r  1 ,
_ o
C = c o n s t a n t  o f  t h e  d r y i n g  o b j e c t ,  m , a n d
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2
D = d i f f u s i o n  c o e f f i c i e n t ,  m / h r .
He s t a t e d  t h a t  t h e  a c c u r a c y  o f  f i t  o f  t h e  t h r e e - t e r m  
m o d e l  wa s  n o t  s i g n i f i c a n t l y  b e t t e r  t h a n  t h a t  o f  t h e  t w o - t e r m  
mo d e  1.
S h a r m a  e t  a l . ,  ( 4 8 )  p r o p o s e d  a  t w o - c o m p a r t m e n t  m o d e l  
f o r  t h i n - l a y e r  d r y i n g  o f  l o n g  g r a i n  r o u g h  r i c e .  T h e y  
i n d i c a t e d  t h a t  t h e  f i r s t  c o m p a r t m e n t  r e p r e s e n t s  t h e  b r a n  a n d  
s t a r c h y  e n d o s p e r m  a n d  t h e  s e c o n d  c o m p a r t m e n t  r e p r e s e n t s  t h e  
h u l l .  Th e  d r y i n g  e x p e r i m e n t s  w e r e  c o n d u c t e d  f o r  t h r e e  
t e m p e r a t u r e  l e v e l s  a n d  f o r  f o u r  l e v e l s  o f  d r y i n g  t i m e ;  2 ,  
1 0 ,  1 8 ,  a n d  24 h o u r s .  R e l a t i v e  h u m i d i t y  wa s  n o t  c o n t r o l l e d .  
A n o n - l i n e a r  r e g r e s s i o n  a n a l y s i s  wa s  p e r f o r m e d  on  t h e  d a t a .
T h e i r  e q u a t i o n s  a r e  a s  f o l l o w s :
a . a i r  t e m p e r a t u r e  24 ° C
M = 1 5 . 1 3  + 3 . 6 0  e ( - . 3 1 0 1 )
M = 1 2 . 0 1  + 3 . 0 1  e + 3 . 9 7  e ( - . 4 0
b . a i r  t e m p e r a t u r e  43 ° C
M = 8 . 2 3  + 1 2 . 3 8  e ( - 0 . 4 3 0 t )
M = 4 . 9 9  + 3 . 5 4  e ( - 0 . 0  04 8 0 + 1 2 . 0 8  e ( -  . 4 3 8 7 1 )
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c . a i r  t e m p e r a t u r e  56  ° C
M = 6 . 1 8  + 1 3 . 7 1  e ( - , 5 2 8 t )
M = 3 . 6 6  + 3 . 7 3  e ( - , 0 2 2 3 t )  + 1 2 . 5 2  e ^ - *6 0 9 5 t )
Wa n g  ( 6 2 )  d e v e l o p e d  a q u a d r a t i c  e q u a t i o n  t o  d e s c r i b e  
t h e  t h i n - l a y e r  d r y i n g  o f  m e d i u m  g r a i n  r o u g h  r i c e .  He 
s u g g e s t e d  t h e  u s e  o f  a  q u a d r a t i c  e q u a t i o n  b e c a u s e  i t  t a k e s  
l e s s  c o m p u t e r  t i m e  wh e n  t h e  t h i n - l a y e r  e q u t i o n  i s  u s e d  t o  
s i m u l a t e  a  d e e p - b e d  r i c e  d r y e r .  T h e  e q u a t i o n  i s  g i v e n  a s  
s h o w n :
M = 1 + At  + B t 2 ( 2 9 )r
w h e r e
A = ( - 0 . 0 0 1 3 0 8 T ° ' 4 6 8 7 ) RH( 3 1 *8 7 ) > 
B = - 0 . 0 0 0 0 6 6 2 5 T , 0 3 4 0 8 RH( “ *4 8 7 2 )  
t  = t  i m e , h r ,
T = t e m p e r a t u r e ,  ° C ,  a n d  
RH = r e l a t i v e  h u m i d i t y ,  d e c i m a l .
I s l a m  ( 3 1 )  u s e d  T h o m p s o n ' s  m o d e l  t o  d e v e l o p  a 
t h i n - l a y e r  d r y i n g  e q u a t i o n  f o r  l o n g  g r a i n  r o u g h  r i c e  by 
a p p l y i n g  n o n - l i n e a r  m u l t i p l e  r e g r e s s i o n  a n a l y s i s :
t = A 1n ( M ) + B [ l n ( M  ) ] 2 r r
2^
( 3 0 )
w h e r e
t = d r y i n g  t i m e ,  h r ,  a n d  
A,  B = r e g r e s s i o n  c o e f f i c i e n t s .
T h e  e x p e r i m e n t s  w e r e  p e r f o r m e d  a t  s e l e c t e d  l e v e l s  o f
i n i t i a l  m o i s t u r e  c o n t e n t ,  a i r  f l o w  r a t e s  ( 0 . 0 5  t o  0 . 3 5
3 2 om / m i n / m  ) ,  a i r  t e m p e r a t u r e s  ( 2 6  t o  4 3 . 3  C)  a n d  r e l a t i v e
h u m i d i t i e s  ( 2 3  t o  9 5 %) .  T h e y  r e p o r t e d  t h a t  t h e  c o r r e l a t i o n
c o e f f i c i e n t s  o f  t h e  e q u a t i o n s  w e r e  0 . 9 8  o r  b e t t e r  i n  a l l
c a s e s .  Th e  r e l a t i o n s h i p s  b e t w e e n  t h e  c o e f f i c i e n t s  A a n d  B
a n d  t h e  d r y i n g  p a r a m e t e r s  h a d  c o r r e l a t i o n  c o e f f i c i e n t s  o f
0 . 7 3  a n d  0 . 8 3  r e s p e c t i v e l y .  T h e s e  r e l a t i o n s h i p s  a r e
p r e s e n t e d  b e l o w  u s i n g  E n g l i s h  u n i t s  a s  r e p o r t e d  by  t h e
a u t h o r s  ( 3 1 ) :
A = Aj_ + A 2 / T  + A3 ( T 2 / RH)  +
A4 / [  l o g ( T 2 ) l o g ( R H 2 , 3 ) l o g ( R H 3 ) ]  ( 3 1 )
l o g ( B )  = B x + B2 / M.  + B 3 l o g ( T ) / T  ( 3 2 )
w h e r e
T = d r y i n g  a i r  t e m p e r a t u r e ,  ° F  
RH = r e l a t i v e  h u m i d i t y ,  %
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B r o o k e r  ( 7 )  r e v i e w e d  t h e  l i t e r a t u r e  a n d  s t a t e d  t h a t  a l l  
t h e  t h i n - l a y e r  d r y i n g  e q u a t i o n s  s e e m e d  t o  g i v e  e x c e l l e n t  
r e s u l t s  w i t h i n  t h e  d r y i n g  c o n d i t i o n s  a n d  m o i s t u r e  c o n t e n t  
r a n g e  a n d  f o r  t h e  t y p e  o f  g r a i n  f o r  w h i c h  t h e y  w e r e  
d e v e l o p e d .
2 . 6  E q u i l i b r i u m  m o i s t u r e  c o n t e n t
T h e  e q u i l i b r i u m  m o i s t u r e  c o n t e n t  (EMC)  o f  a c e r e a l  
g r a i n  i s  d e f i n e d  a s  t h e  m o i s t u r e  c o n t e n t  o f  t h e  m a t e r i a l  
a f t e r  i t  h a s  b e e n  e x p o s e d  t o  a p a r t i c u l a r  e n v i r o n m e n t  f o r  an  
i n f i n i t e l y  l o n g  p e r i o d  o f  t i m e .  T h e  EMC i s  d e p e n d e n t  u p o n  
t h e  t e m p e r a t u r e  a n d  t h e  h u m i d i t y  c o n d i t i o n s  o f  t h e  
e n v i r o n m e n t .  T h e  e q u i l i b r i u m  m o i s t u r e  c o n t e n t  o f  r i c e  h a s  
b e e n  s t u d i e d  by ma n y  r e s e a r c h e r s .  A n u m b e r  o f  t h e o r e t i c a l ,  
s e m i - 1 h e o r e t i c a 1 a n d  e m p i r i c a l  m o d e l s  h a v e  b e e n  p r o p o s e d  f o r  
c a l c u l a t i n g  t h e  m o i s t u r e  e q u i l i b r i u m  o f  r o u g h  r i c e ,  w h i c h  
c a n  be  c l a s s i f i e d  b a s i c a l l y  i n  t h e  f o r m  o f  t h r e e  e q u a t i o n s  
a s  f o i l o w s :
a . M o d i f i e d  H e n d e r s o n  e q u a t i o n  ( 5 8 )
1 -  RH = e x p [ - 1 . 9 1 8  X 1 0 _ 5 ( T + 5 1 . 1 6 1 )  Me 2 , 4 4 5 ] ( 3 3 )
b . P f o s t  e t  a l . ,  e q u a t i o n  ( 4 4 )
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RH = e x p [ - 1 1 8 1 . 5 7 / 1 . 9 8 7 ( T + 3 5 . 7 0 3 ) ] e x p ( - 2 1 . 7 3 3 M  ) ( 3 4 )
c . Z u r i t z  e t  a l . ,  e q u a t i o n  ( 7 1 )
1 -  RH = M a T e x p [ - ( 1  -  T / T  ) n K / T  ] ( 3 5 )e r  a  c a
wh e  r e
= e q u i l i b r i u m  m o i s t u r e  c o n t e n t ,  % ( d . b . ) ,  
RH = r e l a t i v e  h u m i d i t y ,  d e c i m a l ,
T = T e m p e r a t u r e ,  ° C ,
= t e m p e r a t u r e ,  K,
= c r i t i c a l  t e m p e r a t u r e  o f  w a t e r  = 6 4 7 . 1  K,  
n = -  2 6 . 1 9 1 1 ,
K = 4 . 4 9 4 8 8  X 1 0 " 8 , 
a = 2 . 2 2 4 4  X 1 0 6 , a n d  
b = - 2 . 4 1 6 .
P f o s t  e t  a l . , ( 4 4 )  c o m p a r e d  t h e i r  e q u a t i o n  w i t h  
H e n d e r s o n ' s  e q u a t i o n  a n d  r e p o r t e d  t h e  s t a n d a r d  e r r o r  t o  b e
0 . 0 0 9 7  f o r  t h e  f o r m e r  a n d  0 . 0 0 9 6  f o r  t h e  l a t t e r  e q u a t i o n .  
Z u r i t z  ( 7 1 )  a l s o  c o m p a r e d  h i s  e q u a t i o n  w i t h  P f o s t ’ s e q u a t i o n  
a n d  f o u n d  no  s i g n i f i c a n t  d i f f e r e n c e .
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2 . 7  D e e p  b e d  d r y i n g  s i m u l a t i o n
T h i s  d r y i n g  p r o c e s s  r e f e r s  t o  h e t e r o g e n e o u s  d r y i n g  o f  
g r a i n  i n  a d e e p  l a y e r  ( m o r e  t h a n  20 cm d e e p )  w h e r e  d r y i n g  i s  
f a s t e r  a t  t h e  i n l e t  e n d  o f  d r y i n g  a i r  t h a n  a t  t h e  e x h a u s t  
e n d .  D e e p - b e d  d r y i n g  c o u l d  be  v i s u a l i z e d  a s  t h e  d r y i n g  o f
s u c c e s s i v e  t h i n  l a y e r s  o f  g r a i n s  a r r a n g e d  o n e  a b o v e  t h e
o t h e r .  Th e  r a t e  o f  m o i s t u r e  r e m o v a l  i s  ma x i mu m f o r  t h e  
b o t t o m  l a y e r  a n d  d e c r e a s e s  e x p o n e n t i a l l y  f o r  s u b s e q u e n t  
l a y e r s  .
T h e  d r y i n g  o f  a d e e p  b e d  o f  c e r e a l  g r a i n  i s  a n a l y z e d  
u s i n g  t h i n  l a y e r  e q u a t i o n s  s o  t h a t  d e e p - b e d  d r y i n g  c a n  be
m a t h e m a t i c a l l y  s i m u l a t e d  ( 7 ) .  C o m p u t e r  s i m u l a t i o n  t e c h n i q u e s  
h a v e  p e r m i t t e d  a b e t t e r  u n d e r s t a n d i n g  o f  t h e  m e c h a n i s m s  a n d  
p r o c e s s e s  i n v o l v e d  i n  t h e  d r y i n g  o f  g r a i n s .  C o m p u t e r  
s i m u l a t i o n  m o d e l s  a l s o  h e l p  t o  p r e d i c t  t h e  p e r f o r m a n c e  o f  a 
d r y e r  f o r  e v a l u a t i n g  n e w d r y e r  d e s i g n s ,  d r y i n g  e f f i c i e n c y ,  
r a t e s ,  a n d  e n e r g y  u s e .
Some o f  t h e  e a r l i e s t  w o r k  on  t h e  d e e p  b e d  m o d e l  f o r
c e r a l  g r a i n  wa s  d e v e l o p e d  by H u k i l l  ( 2 7 ) .  He a s s u m e d  t h a t  
t h e  s e n s i b l e  h e a t  o f  g r a i n  i s  n e g l e g i b l e  a n d  t h a t  d r y i n g  a i r  
t e m p e r a t u r e  d e c r e a s e s  e x p o n e n t i a l l y  a s  i t  r i s e s  t h r o u g h  t h e  
b e d .  H u k i l l ' s  m o d e l  p r o v i d e d  a s i m p l e  m e t h o d  t o  s t u d y  g r a i n  
d r y i n g .
Ma ny  i n v e s t i g a t o r s  ( 9 ,  2 3 ,  5 6 )  p r e s e n t e d  a d e e p - b e d
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d r y i n g  m o d e l  b a s e d  on h e a t  a n d  m a s s  b a l a n c e  p r o c e d u r e s .  
B o y c e  ( 9 )  l i m i t e d  h i s  w o r k  t o  t h e  p r o c e s s e s  o f  h e a t i n g  a n d  
d r y i n g ,  i s o t h e r m a l  d r y i n g  a n d  d i r e c t  h e a t  t r a n s f e r  i n
p r e d i c t i n g  h e a t  a n d  m a s s  t r a n s f e r  i n  d e e p  b e d s .
T h o m p s o n  e t  a l . ,  ( 5 6 )  d e v e l o p e d  a  m a t h e m a t i c a l  
s i m u l a t i o n  m o d e l  f o r  d r y i n g  o f  c o r n  i n  d e e p  b e d s .  T h e y  f i r s t  
c a l c u l a t e d  a n  e q u i l i b r i u m  d r y i n g  t e m p e r a t u r e  b a s e d  on t h e  
s e n s i b l e  h e a t  b a l a n c e  b e t w e e n  a i r  a n d  g r a i n .  T h e  e q u i l i b r i u m  
m o i s t u r e  c o n t e n t  a n d  t h e  d r y i n g  r a t e  o f  t h e  g r a i n  w e r e  t h e n  
e s t i m a t e d  u s i n g  t h i s  t e m p e r a t u r e .  Much  w o r k  h a s  b e e n  
p u b l i s h e d  on  s i m u l a t i o n  m o d e l s  f o r  c o r n  d r y i n g ,  d e v e l o p e d  a t
M i c h i g a n  S t a t e  U n i v e r s i t y  ( MSU) ,  b a s e d  on  a s y s t e m  o f  4
p a r t i a l  d i f f e r e n t i a l  e q u a t i o n s  i n v o l v i n g  a i r  t e m p e r a t u r e ,  
g r a i n  t e m p e r a t u r e ,  h u m i d i t y  r a t i o ,  a n d  t h e  g r a i n  m o i s t u r e  
( 5 )  .
I n  r e c e n t  y e a r s ,  a  n u m b e r  o f  r e s e a r c h e r s  h a v e  s t u d i e d  
g r a i n  s i m u l a t i o n  m o d e l s  b a s e d  on t h e  T h o m p s o n  ( 3 ,  4 3 ,  45 ) 
a n d  MSU m o d e l s  ( 1 5 ,  4 7 ) .  T h o m p s o n ' s  m o d e l s  r e q u i r e  l e s s
c o m p u t e r  t i m e  a n d  a r e  s i m p l e r  t h a n  t h e  MSU m o d e l s .
2 . 8  R e c i r c u l a t i o n  o f  d r y i n g  a i r
A r e c i r c u l a t i o n  s y s t e m  i s  a n  a r r a n g e m e n t  o f  a  d r y e r  
w h e r e b y  o n l y  a  p a r t  o f  t h e  a i r  t h a t  h a s  p a s s e d  o v e r  t h e  
m o i s t  g r a i n ,  k n o wn  a s  e x h a u s t  a i r ,  i s  d i s c h a r g e d  f r o m  t h e  
s y s t e m .  T h e  r e m a i n d e r  o f  t h e  e x h a u s t  a i r  i s  m i x e d  w i t h
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a m b i e n t  a i r ,  r e h e a t e d ,  a n d  r e t u r n e d  t o  t h e  d r y e r .  
S o k h a n s a n j  ( 5 3 )  s t a t e d  t h a t  r e c i r c u l a t i n g  a  p o r t i o n  o f  t h e  
e x h a u s t  a i r  i n t o  t h e  d r y i n g  c h a m b e r  i s  b e i n g  s o u g h t  a s  an  
e n e r g y  c o n s e r v a t i o n  m e a s u r e .
B a k k e r - A r k e m a  e t  a l . , ( 4 )  c o m p a r e d  a  c o n v e n t i o n a l  
c r o s s f l o w  s y s t e m  w i t h  a r e c i r c u l a t i o n  s y s t e m  u s i n g  
s i m u l a t i o n  a n d  s h o w e d  a n  e n e r g y  r e d u c t i o n  o f  a b o u t  16 
p e r c e n t .  S o k h a n s a n j  ( 5 3 )  m e a s u r e d  t h e  e n e r g y  e f f i c i e n c y  o f  
r e c i r c u l a t i o n  o f  e x h a u s t  a i r  i n  w h e a t  d r y i n g  a n d  f o u n d  t h a t  
t h e  e n e r g y  t o  r e m o v e  t h e  g r a i n  m o i s t u r e  i n c r e a s e d  w i t h  an  
i n c r e a s e  i n  t h e  e x h a u s t  a i r  r e c y c l i n g  r a t i o .  When t h e  
q u a l i t y  o f  g r a i n  wa s  e v a l u a t e d  i n  t h e  a b o v e  s t u d y ,  d a m a g e  
wa s  d e t e c t e d  i n  g r a i n  d r i e d  i n  t h e  r e c i r c u l a t i o n  d r y e r .
Yo u n g  ( 7 0 )  i n d i c a t e d  t h a t  p a r t i a l  r e c i r c u l a t i o n  o f  a i r  
i n  p e a n u t  d r y i n g  ma y  r e d u c e  e n e r g y  c o n s u m p t i o n  p e r  u n i t  o f  
w a t e r  r e m o v e d  by  a p p r o x i m a t e l y  25 96 w h i l e  a l s o  r e d u c i n g  t h e  
d r y i n g  t i m e  a n d  m a i n t a i n i n g  h i g h  q u a l i t y .
CHAPTER I I I
THEORY,  OBJ E CT I VE S ,  AND DESCRI PTI ON OF EXPERIMENT
3 . 1  Ob j  e c t  i v e s
B a s e d  on  t h e  r e v i e w  o f  l i t e r a t u r e ,  t h e r e  i s  a  g e n e r a l
l a c k  o f  a g r e e m e n t  a mo n g  r e s e a r c h e r s  on t h e  e f f e c t  o f  a i r
v e l o c i t y  on d r y i n g  o f  a  s i n g l e - l a y e r  o f  r i c e .  T h e r e  i s  a l s o  
a  n e e d  t o  d e v e l o p  a  g e n e r a l i z e d  m o d e l  t h a t  w o u l d  a p p l y  o v e r  
a  w i d e  r a n g e  o f  d r y i n g  c o n d i t i o n s  t o  b e  u s e d  i n  d e e p - b e d
s i m u l a t i o n .  H e n c e ,  c o n s i d e r i n g  t h e  c u r r e n t  r e s e a r c h  n e e d s ,  
t h e  f o l l o w i n g  o b j e c t i v e s  w e r e  d e f i n e d .
1 .  To i n v e s t i g a t e  t h e  e f f e c t s  o f  d i f f e r e n t  d r y i n g
c o n d i t i o n s  on t h e  d r y i n g  r a t e  o f  l o n g  g r a i n  r o u g h  r i c e .
2 .  To d e v e l o p  a g e n e r a l i z e d  s i n g l e  l a y e r  d r y i n g  m o d e l  
f o r  l o n g  g r a i n  r o u g h  r i c e .
3 .  To u s e  t h e  g e n e r a l i z e d  m o d e l  i n  a d e e p  b e d  r i c e  
d r y i n g  s i m u l a t i o n .
4 .  To i n v e s t i g a t e  t h e  e f f e c t  o f  r e c i r c u l a t i o n  o f  
e x h a u s t  a i r  on d r y i n g  r a t e  a n d  e n e r g y  u t i l i z a t i o n .
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3 . 2 D r y i n g  t e s t s
A g e n e r a l i z e d  s i n g l e - l a y e r  d r y i n g  e q u a t i o n  a s  a 
f u n c t i o n  o f  t e m p e r a t u r e ,  r e l a t i v e  h u m i d i t y ,  f l o w  r a t e  o f  
d r y i n g  a i r  a n d  i n i t i a l  m o i s t u r e  c o n t e n t  o f  g r a i n  wa s  s o u g h t .  
T h e r e f o r e ,  a s i n g l e - l a y e r  r i c e  d r y i n g  a p p a r a t u s  a n d  d a t a  
a c q u i s i t i o n  s y s t e m  w e r e  b u i l t  a n d  t e s t e d .  E x p e r i m e n t s  w e r e  
c o n d u c t e d  u s i n g  l o n g  g r a i n  r o u g h  r i c e  u n d e r  d r y i n g  
c o n d i t i o n s  r e p r e s e n t a t i v e  o f  b o t h  o n - f a r m  a n d  c o m m e r c i a l  
c o n d i  t  i o n s .
D r y i n g  t e s t s  w e r e  c o n d u c t e d  i n  t wo  c a t e g o r i e s ,  o n - f a r m  
a n d  comme r c  i a 1:
1 .  Low t e m p e r a t u r e  a n d  l o w a i r  f l o w  r a t e  t o
r e p r e s e n t  o n - f a r m  d r y i n g :
T e m p e r a t u r e :  3 5 ,  4 5 ,  a n d  55 ° C
R e l a t i v e  h u m i d i t y :  3 0 ,  4 0 ,  5 0 ,  6 0 ,  a n d  70%
A i r  f l o w  r a t e :  0 . 1 3 ,  0 . 2 3 ,  a n d  0 . 3 3  m ^ / s / m 2
I n i t i a l  g r a i n  m o i s t u r e  c o n t e n t :  2 8 ,  3 3 ,  a n d  38% ( d . b . ) .
2 .  H i g h  t e m p e r a t u r e  a n d  h i g h  a i r  f l o w  r a t e  t o
r e p r e s e n t  c o m m e r c i a l  f a r m  d r y i n g :
T e m p e r a t u r e :  5 5 ,  6 5 ,  a n d  75 ° C
R e l a t i v e  h u m i d i t y :  3 0 ,  4 0 ,  5 0 ,  6 0 ,  a n d  70%
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A i r  f l o w  r a t e :  0 . 6 3  m ^ / s / m ^
I n i t i a l  g r a i n  m o i s t u r e  c o n t e n t :  2 8 ,  3 3 ,  a n d  38% ( d . b . ) .  
3 . 3  S i n g l e - l a y e r  d r y i n g  m o d e l s
T h e  c l a s s i c a l  t h e o r y  o f  d r y i n g  c o n s i s t s  o f  c o n s t a n t
r a t e  p e r i o d  f o l l o w e d  by  a f a l l i n g  r a t e  p e r i o d  w i t h  s h a r p
d i s c o n t i n u i t y  i n  t h e  r a t e  a t  c r i t i c a l  m o i s t u r e  c o n t e n t s .  
S i n c e  m o s t  b i o l o g i c a l  m a t e r i a l s  do  n o t  e x h i b i t  a
c o n s t a n t - r a t e  d r y i n g  p e r i o d ,  d i f f u s i o n  i s  t h e  m o s t  l i k e l y  
p h y s i c a l  m e c h a n i s m  g o v e r n i n g  t h e  m o i s t u r e  m o v e m e n t  i n  t h e s e  
m a t e r  i a l s  .
F o u r  d i f f e r e n t  d r y i n g  m o d e l s  w e r e  e v a l u a t e d  f o r
s i n g l e - l a y e r  r i c e  d r y i n g .  Th e  f i r s t  t wo a r e  b a s e d  on  t h e
s o l u t i o n  o f  t h e  d i f f u s i o n  e q u a t i o n .  T h e  s e c o n d  t wo  a r e
e m p i r i c a l  m o d e l s .  T h e  f i r s t  e m p i r i c a l  m o d e l  i s  a s e c o n d  
o r d e r  e q u a t i o n  f o r  s h e l l e d  c o r n  t h a t  h a s  a l s o  b e e n  u s e d
e x t e n s i v e l y  f o r  o t h e r  g r a i n s .  T h e  s e c o n d  e m p i r i c a l  m o d e l  i s  
a n a l o g o u s  t o  t h e  d i f f u s i o n  e q u a t i o n .  I t  a s s u m e s  a l i n e a r
d e p e n d e n c e  o f  t h e  d r y i n g  c o n s t a n t  on  t h e  m o i s t u r e  c o n t e n t  a s  
d r y i n g  o c c u r s .
Mo d e l  I
A s i n g l e - t e r m  s o l u t i o n  o f  t h e  d i f f u s i o n  e q u a t i o n  
i n  s p h e r i c a l  c o o r d i n a t e s  i s  a v e r y  common wa y  t o  c a l c u l a t e
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t h e  d r y i n g  r a t e  o f  g r a i n s .  T h i s  s i n g l e - t e r m  s o l u t i o n  i s  a 
g o o d  a p p r o x i m a t i o n  o f  t h e  d i f f u s i o n  s e r i e s  a s  i t  c o n v e r g e s  
r a p i d l y .  T h i s  s o l u t i o n  i s  m a t h e m a t i c a l l y  r e p r e s e n t e d  a s :
(M -  M ) / ( M .  -  M ) = ( 6 / tt2 ) e _ k t . ( 3 6 )
© 1 0
T h i s  s i n g l e - t e r m  s o l u t i o n  i s  a n a l o g o u s  t o  N e w t o n ' s  
l a w  o f  c o o l i n g  w h e r e  i t  i s  a s s u m e d  t h a t  t h e  r a t e  o f  m o i s t u r e  
c o n t e n t  r e m o v a l  i s  p r o p o r t i o n a l  t o  t h e  d i f f e r e n c e  b e t w e e n  
t h e  k e r n e l  m o i s t u r e  a n d  i t s  e q u i l i b r i u m  m o i s t u r e  c o n t e n t .  
E x p r e s s e d  m a t h e m a t i c a l l y  i t  i s :
d M / d t  = - k ( M  -  M ) ( 3 7 )
I n t e g r a t  i o n  g i v e s :
_  1 / f
M = (M -  M ) / ( M. -  M ) = A e ( 3 8 )r e  i e
w h e r e
Mr = M o i s t u r e  r a t i o ,
M = M o i s t u r e  c o n t e n t ,
M.  = I n i t i a l  m o i s t u r e  c o n t e n t ,
A = S h a p e  f a c t o r ,  d i m e n s i o n l e s s , a n d  
k = D r y i n g  c o n s t a n t ,  t i m e  *
3^
o r
-  k t
M = M -  A( M.  -  M ) e  . ( 3 9 )e 1 e
T h i s  c a n  be  w r i t t e n  i n  t h e  f o r m  a s
M = B + C e " k t  ( 4 0 )
whe  r e
B = M , a n d  e ’
C = A( M.  -  M ) .  l e
E q u a t i o n  40 h a s  b e e n  t r a n s f o r m e d  t o  s e p a r a t e  m o i s t u r e  
(M) a n d  t i m e  ( t )  on d i f f e r e n t  s i d e s  o f  t h e  e q u a t i o n .  T h u s ,  
d a t a  c a n  be  f i l l e d  t o  t h e  m o d e l  a n d  a d e t e r m i n a t i o n  c a n  be  
ma d e  o f  t h e  v a r i a t i o n  o f  t h e  p a r a m e t e r s  o f  t h e  m o d e l  ( B,  C 
a n d  k)  w i t h  t h e  d r y i n g  a i r  c o n d i t i o n s ,  i f  t h e  m o d e l  s h o ws  a 
g o o d  g e n e r a l i z e d  f i t .  T h e  p a r a m e t e r  B i s  e s s e n t i a l l y  t h e  
e q u l i b r i u m  m o i s t u r e  c o n t e n t  w h i c h ,  f r o m  t h e  l i t e r a t u r e ,  i s  
k n o wn  t o  b e  s ome  f u n c t i o n  o f  t h e  d r y i n g  a i r  c o n d i t i o n s .  
P a r a m e t e r  C w i l l  a l s o  d e p e n d  on t h e  d i f f e r e n c e  i n  i n i t i a l  
a n d  e q u l i b r i u m  m o i s t u r e ,  t h e  l a t t e r  b e i n g  d e p e n d e n t  on t h e  
d r y i n g  a i r  c o n d i t i o n s .
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Model  I I
Ro u g h  r i c e  i s  d i f f e r e n t  f r o m  o t h e r  c e r e a l  g r a i n s
b e c a u s e  o f  t h e  p r e s e n c e  o f  t h e  h u s k  a n d  b r a n  l a y e r s  d u r i n g
d r y i n g .  R e s e a r c h e r s  h a v e  s h o wn  t h a t  w h i t e  r i c e  a b s o r b s  
m o i s t u r e  a t  a h i g h e r  r a t e  t h a n  b r o w n  r i c e  ( 3 2 )  a n d  b r o wn  
r i c e  d r i e s  f a s t e r  t h a n  r o u g h  r i c e  ( 2 4 ) .  R o u g h  r i c e  t h e r e f o r e  
s h o u l d  n o t  b e  t r e a t e d  a s  a  s i n g l e  h o m o g e n e o u s  m a t e r i a l
d u r i n g  d r y i n g .  A t wo  t e r m  s o l u t i o n  o f  t h e  d i f f u s i o n  e q u a t i o n  
m i g h t  b e t t e r  t a k e  i n t o  a c c o u n t  t h e  d i f f e r e n t  d r y i n g  
c h a r a c t e r i s t i c s  o f  t h e  c o m p o n e n t s  o f  r o u g h  r i c e .  T h i s
t w o - t e r m  s o l u t i o n  i s :
M = (M -  M ) / (M.  -  M ) = A e ( _ k l t )  + B e ( _ k 2 t ) . r e i e
( 4 1 )
T h i s  c a n  be  t r a n s f o r m e d ,  f o r  r e a s o n s  g i v e n  u n d e r  Mo d e l  
I , a s  f o 1 1 o w s :
M = M + (M.  -  M ) A e ( ' k l t )  + (M.  -  M ) B e ( _ k 2 t ) . ( 4 2 )  e i e i e
T h e  m o d e l  i s
M = A 1e ( _ k l t )  + A2 e ( - k 2 t )  + A 3 ( 4 3 )
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w h e r e
A,  = (M.  -  M ) A 1 1 e
A„ = (M.  -  M ) B,  a n d
u 1 6
Mo d e l  I I I
A s e e o n d - o r d e r  e x p o n e n t i a l  m o d e l  wa s  d e v e l o p e d  by 
T h o m p s o n  ( 5 6 )  f o r  d r y i n g  o f  s h e l l e d  c o r n .  T h i s  m o d e l  i s :
t  = A l n ( M r ) + B [ l n ( M r ) ] 2 ( 4 4 )
w h e r  e
t  = t  i me ,
A , B  = d i m e n s i o n  1e s s  c o n s t a n t s ,  a n d
M = m o i s t u r e  r a t i o ,  r
T h i s  i s  a n  e m p i r i c a l  m o d e l  w i t h  t i m e  ( t )  a s  
d e p e n d e n t  v a r i a b l e  a n d  m o i s t u r e  r a t i o  a s  t h e  i n d e p e n d e n t  
v a r i a b l e .  T h o m p s o n  ( 5 6 )  r e p o r t e d  t h a t  A a n d  B h a v e  b e e n  
s h o wn  t o  v a r y  w i t h  t h e  d r y i n g  a i r  t e m p e r a t u r e .  T h i s  m o d e l  
h a s  p r o v e n  q u i t e  s u c c e s s f u l  i n  h i g h  t e m p e r a t u r e  d r y i n g  
s i m u l a t i o n  o f  s h e l l e d  c o r n .  I t  wa s  c h o s e n  f o r  r i c e  d r y i n g  
s i m u l a t i o n  b e c a u s e  o t h e r  r e s e a r c h e r s  h a v e  a d o p t e d  i t  f o r
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o t h e r  g r a i n s .  M o r e o v e r ,  t h i s  t h i n - l a y e r  m o d e l  h a s  b e e n  u s e d  
f o r  d e e p  b e d  a n d  c o n t i n o u s  f l o w  d r y i n g  s i m u l a t i o n .
Mo d e l  IV
T h e  s i n g l e - t e r m  s o l u t i o n  o f  t h e  d i f f u s i o n
e q u a t i o n ,  E q u a t i o n  3 8 ,  i s  a n  e x p o n e n t i a l  r e l a t i o n s h i p  
b e t w e e n  m o i s t u r e  r a t i o  ( M^)  a n d  t i m e  ( t ) .  F r o m p r e l i m i n a r y  
d r y i n g  d a t a  i n  t h i s  s t u d y  a n d  t h a t  b y  B u c k l i n  ( 8 ) ,  i t  wa s  
s e e n  t h a t  t h e  p l o t  b e t w e e n  m o i s t u r e  (M) a n d  t i m e  wa s  a l s o  a 
s i m i l a r  e x p o n e n t i a l  o n e .  M o r e o v e r ,  w h e n  t h i s  d r y i n g  c u r v e  
f o r  d i f f e r e n t  d r y i n g  c o n d i t i o n s  wa s  d i v i d e d  i n t o  s m a l l  
i n t e r v a l s  o f  60 m i n u t e s ,  a l m o s t  l i n e a r  r e l a t i o n s h i p  wa s  
o b s e r v e d  b e t w e e n  t h e  a v e r a g e  m o i s t u r e  d u r i n g  t h i s  i n t e r v a l  
a n d  t h e  c o r r e s p o n d i n g  d r y i n g  c o n s t a n t  ( k ) .  T h e r e f o r e ,  t h e  
f o l l o w i n g  m o d e l  wa s  c o n s i d e r e d :
M = Ae - k  t ( 4 5 )
w h e r e
k = BM + C ( 4 6 )
o r  ,
t = ( I n  A -  I n  M ) / ( B M  + C)  . ( 4 7 )
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A n o n - l i n e a r  c u r v e  f i t t i n g  p r o g r a m  b a s e d  on t h e  d a mp e d  
T a y l o r ' s  s e r i e s  m e t h o d  f o r  m i n i m i z i n g  t h e  s um o f  s q u a r e s  wa s  
u s e d  t o  f i t  t h e  d r y i n g  d a t a  t o  t h e s e  m o d e l s .  T h e  M a r q u a r d t  
m e t h o d  ( 1 6 )  wa s  a l s o  u s e d  t o  e v a l u a t e  t h e s e  m o d e l s  a n d  
e x a m i n e  t h e  r e s i d u a l s  o f  t h e  m o d e l s  f r o m  t h e  d r y i n g  d a t a .  
T h e  g o o d n e s s  o f  f i t ,  r e s i d u a l  me a n  s q u a r e  e r r o r s  a n d  t h e  
b e h a v i o r  o f  t h e  r e s i d u a l s  w e r e  c o m p a r e d  t o  s e l e c t  t h e  m o s t  
a p p r o p r i a t e  m o d e l .  On e  o f  t h e  t wo  m o d e l s  b a s e d  on  t h e  
d i f f u s i o n  e q u a t i o n  a n d  o n e  o f  t h e  t wo  e m p i r i c a l  m o d e l s  t h a t  
g a v e  t h e  b e s t  r e s u l t s  w e r e  u s e d  f u r t h e r  f o r  d e e p  b e d  
s i m u l a t i o n .  S t e p w i s e  r e g r e s s i o n  wa s  u s e d  t o  d e v e l o p  t h e  
r e l a t i o n s h i p s  b e t w e e n  t h e  p a r a m e t e r s  o f  t h e  m o d e l s  w i t h  t h e  
d r y i n g  a i r  c o n d i t i o n s .
3 • 4 D e e p  b e d  s i m u l a t i o n  m o d e l .
A d e e p - b e d  d r y i n g  m o d e l  wa s  d e v e l o p e d  t o  p r e d i c t  t h e  
d r y i n g  o f  r i c e  u n d e r  d i f f e r e n t  d r y i n g  a i r  c o n d i t i o n s .  S u c h  
a n  a n a l y s i s  i s  mu c h  s i m p l e r  t h a n  a c t u a l  d r y i n g  t e s t s .  E n e r g y  
e f f i c i e n c y  a n d  d r y i n g  t i m e  c a n  b e  d e t e r m i n e d  w i t h  s u c h  a 
m o d e l .  New d e s i g n s  a n d  e n e r g y  s a v i n g  a p p r o a c h e s  c a n  a l s o  b e  
e v a l u a t e d  u s i n g  s u c h  a s i m u l a t i o n  m o d e l .
A d e e p  b e d  s i m u l a t i o n  m o d e l  wa s  d e v e l o p e d  f o l l o w i n g  t h e  
b a s i c  a p p r o a c h  u s e d  by T h o m p s o n  ( 5 6 ) .  T h e  m o d e l  c o n s i d e r s  a 
d e e p - b e d  t o  b e  a s e r i e s  o f  t h i n  l a y e r s  o f  g r a i n  s t a c k e d  o n e  
u p o n  t h e  o t h e r .  H e a t  a n d  m a s s  b a l a n c e s  w e r e  a p p l i e d  t o  t h e
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t h i n - l a y e r  o f  g r a i n .  T h e  r e s u l t i n g  e x h a u s t e d  a i r  p r o v i d e s  
i n p u t  c o n d i t i o n s  t o  t h e  n e x t  l a y e r  a s  s h o w n  i n  F i g u r e  1.
3 . 5  A i r  r e c i r c u l a t i o n
A i r  r e c i r c u l a t i o n  i s  a  p r a c t i c e  i n t e n e d  t o  i m p r o v e  t h e  
e n e r g y  e f f i c i e n c y  o f  a  d r y i n g  o p e r a t i o n  w i t h o u t  a f f e c t i n g  
t h e  g r a i n  q u a l i t y .  P a r t  o f  t h e  e x h a u s t  a i r  i s  m i x e d  w i t h  
t h e  a m b i e n t  a i r  b e f o r e  h e a t i n g  t h e  m i x t u r e .  T h i s  m i x i n g  
i n c r e a s e s  t h e  h u m i d i t y  r a t i o  a n d  t e m p e r a t u r e  o f  t h e  a m b i e n t  
a i r .  E n e r g y  t o  h e a t  t h i s  m i x t u r e  i s  t h u s  r e d u c e d  a s
c o m p a r e d  t o  h e a t i n g  o n l y  a m b i e n t  a i r  t o  a  f i x e d  t e m p e r a t u r e .
A l a b o r a t o r y  f i x e d - b e d  g r a i n  d r y e r  wa s  m o d i f i e d  t o
r e c i r c u l a t e  t h e  e x h a u s t  a i r  b a c k  i n t o  t h e  d r y i n g  c h a m b e r .  
T h e  e x h a u s t e d  a i r  wa s  m i x e d  w i t h  a m b i e n t  a i r  i n  d i f f e r e n t
r a t i o s  a n d  c o n t r o l l e d  by a d a m p e r  a t  t h e  i n l e t  o f  a m b i e n t
a i r .  T h e  d r y i n g  d a t a  wa s  a n a l y z e d  f o r  e n e r g y  e f f i c i e n c y  
u s i n g  t h e  f o l l o w i n g  e q u a t i o n :
E = ( A v e r a g e  e n t h a l p y  d i f f e r e n c e )  X ( A i r  m a s s  f l o w  r a t e )  X 
( R e s i d e n c e  t i m e )  /  ( W a t e r  r e m o v e d )  ( 4 8 )
w h e r e
E = e n e r g y  e f f i c i e n c y ,  k J / k g  w a t e r  r e m o v a l .
Rice before drying 
Moist. cont.«M,%d.b. 
Temp. -  G,*F.
Exhaust aic 
Temp » T —&T«F 
Humidity -  H*aH , lb .  water/lb. dry air
Rice after drying 
Time of t  
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Figure 1. SCHEMATIC DIAGRAM OF BASIC SIMULATION APPROACH
4 1
T h e  d r i e d  g r a i n  a t  t h e  d i f f e r e n t  r a t i o s  o f  e x h a u s t e d  
a i r  t o  f r e s h  a i r  wa s  a n a l y z e d  f o r  m i l l i n g  q u a l i t y .
CHAPTER IV 
EQUIPMENT AND PROCEDURE
4 . 1  D r y e r  a n d  a s s o c i a t e d  e q u i p m e n t
An e x p e r i m e n t a l  d r y e r  s h o wn  i n  F i g u r e  2 a n d  P l a t e  1 wa s  
u s e d  f o r  d r y i n g  t h e  g r a i n  a t  t h e  d i f f e r e n t  d r y i n g  
c o n d i t i o n s .  T h i s  d r y e r  wa s  f a b r i c a t e d  i n  t h e  A g r i c u l t u r a l  
E n g i n e e r i n g  D e p a r t m e n t  W o r k s h o p  a t  L o u i s i a n a  S t a t e  
U n i v e r s i t y  A g r i c u l t u r a l  C e n t e r ,  B a t o n  R o u g e ,  L o u i s i a n a .  Th e  
d r y i n g  s y s t e m  c o n s i s t e d  o f  a n  a i r  c o n d i t i o n i n g  u n i t  
( A m i n c o - A i r e , P a r a m e t e r  G e n e r a t i o n  a n d  C o n t r o l ,  I n c . ,  Mo d e l  
No.  J 4 S - 5 4 6 0 A ) , a i r  f l o w  a n d  h u m i d i t y  m e a s u r e m e n t  s e c t i o n s  
a n d  a d r y i n g  s e c t i o n .  T h e s e  s e c t i o n s  w e r e  c o n n e c t e d  by 
i n s u l a t e d  g a l v a n i z e d  s h e e t  m e t a l  d u c t s .  T h e  a i r
c o n d i t i o n i n g  u n i t  ( c a p a c i t y :  8 . 4  m / m i n )  s u p p l i e d  a
c o n t i n o u s  f l o w  o f  c o n d i t i o n e d  a i r  f o r  t h e  d r y i n g  s e c t i o n  a s  
s h o wn  i n  P l a t e  2 .  T h e  a i r  wa s  d r a w n  f r o m  t h e  t e s t  c h a m b e r  o f  
t h e  a i r  c o n d i t i o n i n g  u n i t  t h r o u g h  a  s p r a y  o f  f i n e  w a t e r  
d r o p l e t s ,  t h e  t e m p e r a t u r e  o f  w h i c h  wa s  c o n t r o l l e d  b y  a 
t h e r m o s t a t .  T h i s  p r o c e s s  wa s  c o n t i n u o u s ,  a n d  p r o p e r l y  
c o n d i t i o n e d  a i r  wa s  c o n s t a n t l y  c i r c u l a t e d  t h r o u g h  t h e  t e s t  
c h a m b e r ,  m a i n t a i n i n g  t h e  t e m p e r a t u r e  a n d  r e l a t i v e  h u m i d i t y  
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SCHEMATIC OF DRYING ARRANGEMENT
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Plate 1. DRYING ARRANGEMENT
Plate 2. AMINCO-AIRE UNIT
U-G
t h e  d r y i n g  s e c t i o n  wa s  r e c i r c u l a t e d  t h r o u g h  t h i s  a i r  
c o n d  i t  i o n  i n g  u n i t .
4 . 2  A i r  f l o w  r a t e  a n d  v e l o c i t y  m e a s u r e m e n t
T h e  a i r  c o n d i t i o n i n g  u n i t  wa s  c o n n e c t e d  t o  a  t wo  m e t e r  
l o n g  a l u m i n u m  p i p e  w i t h  a n  i n s i d e  d i a m e t e r  o f  1 4 . 9 5  cm.  Th e
p i p e  wa s  e q u i p p e d  w i t h  a 7 . 4 8  cm c i r c u l a r  o r i f i c e  p l a t e .
P r e s s u r e  t a p p i n g s  u p s t r e a m  a n d  d o w n s t r e a m  o f  t h e  o r i f i c e  
w e r e  c o n n e c t e d  t o  a m i c r o m a n o m e t e r . A d i g i t a l  a i r  m e t e r  
( W e a t h e r t r o n i c s  D i g i t a l  A i r  M e t e r ,  Mo d e l  No .  2 4 3 0  ) wa s  a l s o  
i n s t a l l e d  i n  t h e  p i p e  t o  m e a s u r e  t h e  a i r  f l o w  r a t e  a n d  wa s  
c a l i b r a t e d  w i t h  t h e  o r i f i c e  m i c r o m a n o m e t e r .  A DC g e n e r a t o r  
wa s  d r i v e n  by t h e  f a n  i n  t h e  D i g i t a l  A i r  M e t e r  w h i c h  
p r o d u c e d  a 0 - 1 . 9 9  V o u t p u t .  T h e  DC v o l t a g e  f r o m  t h e  
g e n e r a t o r  was  c o n n e c t e d  t o  an  a n a l o g  t o  d i g i t a l  c o n v e r t e r  t o  
g i v e  a n  o u t p u t  o f  a i r  v e l o c i t y .
4 . 3  R e l a t i v e  h u m i d i t y  m e a s u r e m e n t
A w e t  b u l b - d r y  b u l b  p s y c h r o m e t e r  ( P l a t e  3 ,  F i g u r e  3)  
w a s  f a b r i c a t e d  t o  m e a s u r e  t h e  h u m i d i t y  o f  t h e  d r y i n g  a i r .
T h i s  d e v i c e  l o c a t e d  n e a r  t h e  d r y i n g  s e c t i o n  ( F i g u r e  2 ) ,
c o n s i s t e d  o f  a 20 cm l o n g  d u c t  t o  w h i c h  a  b l o w e r  wa s  
a t t a c h e d  t o  p r o v i d e  a n  a i r  f l o w  o f  a t  l e a s t  5 . 6  m / s e c  f o r  
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Figure 3. WET BULB-DRY BULB PSYCHROMETER DEVICE
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Plate 3- WET BULB-DRY BULB PSYCHROMETER DEVICE
s ±  9
wa s  r e t u r n e d  t o  t h e  d r y i n g  s e t i o n .  T h e r m o c o u p l e s  w e r e  
m o u n t e d  a s  i l l u s t r a t e d  i n  F i g u r e  3 ,  a n d  t h e  w a t e r  s u p p l y  f o r  
t h e  c o t t o n  w i c k  f o r  t h e  we t  b u l b  t h e r m o c o u p l e  wa s  p r o v i d e d  
f r o m  a s m a l l  r e s e r v o i r .
4 . 4  D r y i n g  s e c t  i o n
T h e  d r y i n g  s e c t i o n  s h o wn  i n  P l a t e  4 wa s  p r o v i d e d  w i t h  a
d o o r  f o r  i n t r o d u c i n g  a n d  w i t h d r a w i n g  t h e  r i c e  s a m p l e s .  T h e
e n t i r e  s e c t i o n  wa s  w e l l  s e a l e d  a n d  i n s u l a t e d .  T h e  s a m p l e  p a n
wa s  f o r m e d  by c e m e n t i n g  l i g h t  n y l o n  me s h  t o  a c i r c u l a r  f r a m e
2
o f  30 cm d i a m e t e r  m e t a l  w i r e  w i t h  a n  a r e a  o f  0 . 0 7 3 0  m . T h e  
p a n ,  h o l d e r  a n d  s u s p e n s i o n  w i r e ,  s h o wn  i n  P l a t e  5 a n d  P l a t e  
6 w e i g h e d  250  g .  T h e  a r r a n g e m e n t  wa s  s u c h  t h a t  t h e  p a n  
c o u l d  be  w i t h d r a w n  w i t h o u t  r e m o v i n g  t h e  p a n  h o l d e r .  T h e  
c l e a r a n c e  b e t w e e n  t h e  p a n  h o l d e r  a n d  a i r  d u c t  i n  t h e  d r y i n g  
c h a m b e r  wa s  k e p t  t o  a m i n i m u m  s o  a s  t o  d i r e c t  t h e  e n t i r e  
a m o u n t  o f  c o n d i t i o n e d  a i r  t h r o u g h  t h e  r i c e  s a m p l e .
4 . 5  W e i g h t  t r a n s d u c e r
T h e  s a m p l e  a n d  t h e  h o l d i n g  p a n  w e r e  s u s p e n d e d  f r o m  a
l o a d  c e l l  t o  m o n i t o r  c h a n g e s  i n  w e i g h t  o f  t h e  r i c e  s a m p l e
d u r i n g  d r y i n g .  An I n t e r f a c e  M o d e l  MB- 5 m i n i - b e a m  l o a d  c e l l ,  
w i t h  a  f u l l - r a n g e  c a p a c i t y  o f  2 . 3  kg  wa s  r i g i d l y  m o u n t e d  on 
a s u p p o r t  b e a m ( F i g u r e  4 ) .  I t s  r a t e d  n o n l i n e a r i t y  wa s  0 . 0 3  %
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Plate k. DRYING CHAMBER SECTION
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Figure U. LOAD CELL ARRANGEMENT
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o f  f u l l  s c a l e .  T h e  o u t p u t  s i g n a l  f r o m  t h e  l o a d  c e l l  wa s  f e d  
t o  a s i g n a l  c o n d i t i o n e r  ( S A - B ,  S e n s o t e c  I n c . )  w h i c h  
a m p l i f i e d  t h e  l o w l e v e l  ( m i l l i v o l t )  s i g n a l  a n d  a l s o  p r o v i d e d  
z e r o  o f f s e t s .  T h e  a m p l i f i e d  s i g n a l  wa s  t h e n  f e d  t h r o u g h  a 
R - C  f i l t e r  t o  r e d u c e  t h e  e l e c t r i c a l  n o i s e  ( F i g u r e  5 ) .  Th e  
t a r e  w e i g h t  o f  t h e  e m p t y  p a n  wa s  a d j u s t e d  on  t h e - SA- B 
a m p l i f i e r  t o  p r o d u c e  a  z e r o  o u t p u t  wh e n  n o  r i c e  wa s  i n  t h e  
p a n .
T h e  s e n s i t i v i t y  o f  t h e  l o a d  c e l l  wa s  0 . 0 0 5  g p e r  mV.  
Due  t o  t h e  h i g h  s e n s i t i v i t y  o f  t h e  t r a n s d u c e r s ,  v e r y  s l i g h t  
p e r t u r b a t i o n s  i n  t h e  a i r  f l o w  a f f e c t e d  t h e  l o a d  c e l l  
r e a d i n g .  T h e s e  f l u c t u a t i o n s  i n  t h e  v o l t a g e  r e a d i n g  w e r e  d u e  
t o  t h e  d r y i n g  a i r  v e l o c i t y  a n d  t h e  b u o y a n c y  e f f e c t  o f  t h e  
r i c e  m a s s  i n  t h e  a i r  s t r e a m  a n d  v a r i e d  b e t w e e n  + / -  0 . 0 0 8  g 
a n d  w e r e  a s s u m e d  t o  b e  r a n d o m  w i t h  a n  a v e r a g e  v a l u e  o f  z e r o .  
To c o m p e n s a t e  f o r  t h e  r a n d o m  v a r i a t i o n s ,  a  s e r i e s  o f  100  
w e i g h t  r e a d i n g s  w e r e  t a k e n  a p p r o x i m a t e l y  e v e r y  10 ms ,  
b e g i n n i n g  250  ms b e f o r e  t h e  t h e o r e t i c a l  t i m e  t o  w e i g h  t h e  
s a m p l e ,  a n d  e n d i n g  5 0 0  m i l l i s e c o n d s  a f t e r  t h e y  w e r e  s t a r t e d .  
T h e  g r a i n  w e i g h t  wa s  r e c o r d e d  a s  a v e r a g e  o f  t h e s e  100  s a m p l e  
w e i g h t  r e a d i n g s .
4 • 6  D a t a  a c q u i s i t i o n  s y s t e m
An I n t e l  S e r i e s  I I  Mo d e l  2 25  m i c r o c o m p u t e r  d e v e l o p m e n t  
s y s t e m  wa s  u s e d  f o r  d a t a  c o l l e c t i o n  a n d  a n a l y s i s  a s  s h o wn  i n
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Figure 5- R-C FILTER
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Plate 7. INTELLEC MICROCOMPUTER
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P l a t e  7 .  Th e  Mo d e l  2 2 5  c o n t a i n e d  a n  8 0 8 5 A - 2  m i c r o p r o c e s s o r  
r u n n i n g  a t  a c l o c k  s p e e d  o f  4 MHz.  T h e  s y s t e m  c o n t a i n e d  64K 
o f  RAM a n d  a n  8 - i n c h  d u a l  d e n s i t y  i n t e g r a l  f l o p p y  d i s k  d r i v e  
w i t h  500  Kb o f  s t o r a g e .  An I n t e l  i SBC 7 32  a n a l o g  c o m b i n a t i o n  
I / O  b o a r d  wa s  u s e d  i n  t h e  Mo d e l  225  f o r  a n a l o g  i n p u t  a n d
o u t p u t .  I t  c o n t a i n e d  16 d i f f e r e n t i a l  i n p u t  c h a n n e l s
m u l t i p l e x e d  i n t o  a 1 2 - b i t  a n a  1o g - 1 o - d i g i t a  1 c o n v e r t e r .  T h e  
b o a r d  a l s o  c o n t a i n e d  t wo  1 2 - b i t  d i g i t a  1 - 1 o - a n a 1og
c o n v e r t e r s  f o r  o u t p u t .  T h e  b o a r d  h a d  a  ma x i mu m s a m p l e  r a t e
o f  28 k Hz ,  a n d  e a c h  c h a n n e l  c o u l d  be  s e t  f o r  a r a n g e  o f  0 t o
5 V,  0 t o  10 V,  + / - 5  V,  o r  + / - 1 0  V f u l l  s c a l e .  T h e  i SBC 732  
b o a r d  wa s  u s e d  t o  m e a s u r e  t h e  t r a n s d u c e r  o u t p u t s  f o r  
a i r - f l o w  r a t e ,  t e m p e r a t u r e ,  a n d  s a m p l e  w e i g h t .  T h e  d a t a  wa s  
s t o r e d  on t h e  f l o p p y  d i s k s .
4 . 7  S a m p l e  p r e p a r a t i o n
L o n g  g r a i n  r i c e  s a m p l e s  o f  t h e  L a b o n n e t  v a r i e t y  w e r e  
t a k e n  f r o m  a c r o p  h a r v e s t e d  d u r i n g  t h e  1 9 8 3  a n d  1 9 8 4  s e a s o n s  
n e a r  C r o w l e y ,  L o u i s i a n a .  T h e  m o i s t u r e  l e v e l s  o f  t h e  r i c e  
w e r e  2 3 . 8 ,  3 3 . 3  a n d  3 8 . 1 %  ( d . b . ) .  T h e  r i c e  wa s  s t o r e d  a t  
4 ° C .
R i c e  wa s  c l e a n e d  by  p a s s i n g  t h e  g r a i n  t h r o u g h  a C a r t e r  
D o c k a g e  T e s t e r  t o  r e m o v e  l e a v e s ,  s t r a w ,  w e e d  s e e d s  a n d  o t h e r  
i m p u r i t i e s .  I m m a t u r e  g r a i n s ,  s h e l l e d  r i c e  a n d  b r o k e n s
k e r n e l s  w e r e  t h e n  r e m o v e d  f r o m  t h e  s a m p l e  l o t  i n  a S a t a k e
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R i c e  S i z i n g  M a c h i n e  ( L a b o r a t o r y  Mo d e l  T y p e  TWS) .  T h e  c l e a n e d  
a n d  s i z e d  r i c e  wa s  t h e n  m i x e d  w e l l  a n d  d i v i d e d  u s i n g  t h e  
B o e r n e r  s a m p l e  d i v i d e r  t o  o b t a i n  h o m o g e n e o u s  s a m p l e s .  T h e  
r i c e  wa s  t h e n  p l a c e d  i n  c a r d b o a r d  c o n t a i n e r s  a n d  s t o r e d  a t  
4 ° C .  B e f o r e  t h e  d r y i n g  t e s t ,  a s a m p l e  o f  130  g wa s  r e m o v e d  
f r o m  t h e  c o n t a i n e r  a n d  a l l o w e d  t o  s t a n d  o v e r n i g h t  t o  
s t a b i l i z e  t o  r o o m t e m p e r a t u r e .  T e n  g r a m s  o f  t h e  130  g s a m p l e  
w e r e  p l a c e d  i n  a n  a i r t i g h t  c o n t a i n e r  t o  d e t e r m i n e  t h e  
i n i t i a l  m o i s t u r e  c o n t e n t  i n  a n  a i r  o v e n  a t  130  ° C f o r  16 
h o u r s .  At  t h e  e n d  o f  e a c h  d r y i n g  r u n ,  a 10 g s a m p l e  o f  t h e  
d r i e d  g r a i n  wa s  a l s o  d r a w n  a n d  t h e  f i n a l  m o i s t u r e  c o n t e n t  
c h e c k e d  by  t h e  o v e n  m e t h o d .
4 . 8  D e e p  b e d  d r y i n g  e q u i p m e n t  a n d  p r o c e d u r e
A d r y i n g  a r r a n g e m e n t  s i m i l a r  t o  t h a t  u t i l i z e d  f o r  t h e  
t h i n  l a y e r  d r y i n g  e x p e r i m e n t s  wa s  u s e d  f o r  t h e  d e e p  b e d  
d r y i n g .  Th e  a i r  c o n d i t i o n i n g  u n i t  wa s  c o n n e c t e d  t o  t h e  
d r y i n g  c h a m b e r  a n d  i n s t r u m e n t a t i o n  wa s  a d d e d  a s  s h o wn  i n  
F i g u r e  6 a n d  P l a t e  8 .
A 2 m l o n g  a l u m i n u m  d u c t  wa s  a t t a c h e d  t o  t h e  o u t p u t  o f  
t h e  a i r  c o n d i t i o n i n g  u n i t  t o  e s t i m a t e  t h e  a i r  f l o w  i n  t h e  
s y s t e m .  T h e  o t h e r  e n d  o f  t h i s  d u c t  wa s  c o n n e c t e d  v i a  b e n d s  
t o  t h e  d e e p - b e d  d r y i n g  c h a m b e r .  T h e  a l u m i n u m  d u c t  o f  
i n t e r n a l  d i a m e t e r  1 4 . 9 5  cm wa s  e q u i p p e d  w i t h  o n e  d a m p e r  a n d  















Plate 8. DEEP BED DRYING ARRANGEMENT
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e a r l i e r  wa s  a t t a c h e d  a t  t h e  b a s e  o f  t h e  d e e p - b e d  d r y i n g  
c h a m b e r .  T h e  60 cm h i g h  d r y i n g  c h a m b e r  wa s  c o n s t r u c t e d  f r o m  
a  2 9 . 5  cm i n t e r n a l  d i a m e t e r  PVC p i p e .  T h e  b o t t o m  o f  t h i s  
p i p e  wa s  f i t t e d  w i t h  w i r e  m e s h  t o  h o l d  t h e  g r a i n .  A 
v e n t i l a t i o n  ( a x i a l  f l o w )  f a n  ( P a m o t o r  Mo d e l  No .  4 6 0 0  X)  wa s  
c o n n e c t e d  t o  t h e  t o p  o f  t h i s  p i p e  t h r o u g h  a t r a n s i t i o n .  Th e  
c o l u m n  o f  g r a i n  i n  t h i s  p i p e  s e c t i o n  wa s  c o n s i d e r e d  t o  
c o n s i s t  o f  6 l a y e r s  o f  r i c e  e a c h  b e i n g  4 . 5  cm d e e p .  A s e r i e s  
o f  4 mm d i a m e t e r  h o l e s  w e r e  d r i l l e d  a n d  t h e r m o c o u p l e  p r o b e s  
i n s e r t e d  i n  t h e  c o n f i g u r a t i o n  s h o wn  i n  F i g u r e  6 .  To m o n i t o r  
t h e  a v e r a g e  t e m p e r a t u r e  o f  t h e s e  i n d i v i d u a l  l a y e r s ,  
t h e r m o c o u p l e  p r o b e s  w e r e  c o n n e c t e d  t o  a C a m p b e l l  S c i e n t i f i c  
( Mo d e l  C R - 7 )  d a t a  l o g g e r .  An a d d i t i o n a l  s e t  o f  h o l e s  o f  2 
cm d i a m e t e r  w e r e  a l s o  d r i l l e d  a s  s h o wn  i n  F i g u r e  10 t o  
w i t h d r a w  s m a l l  s a m p l e s  f r o m  e a c h  o f  t h e s e  l a y e r s  f o r  
m o i s t u r e  d e t e r m i n a t i o n .
T h e  a i r  c o n d i t i o n i n g  u n i t  wa s  s t a r t e d  a n d  t h e  d e s i r e d  
c o n d i t i o n s  o f  a i r  t e m p e r a t u r e  a n d  h u m i d i t y  w e r e  s e t  f o r  e a c h  
t r i a l .  A f t e r  a s t a b i l i z a t i o n  p e r i o d  o f  o n e  h o u r ,  t h e  d r y i n g  
c h a m b e r  wa s  f i l l e d  w i t h  15 kg  o f  r o u g h  r i c e  a t  known 
m o i s t u r e  c o n t e n t .  T h e  t o p  s e c t i o n  o f  t h e  d r y i n g  c h a m b e r  w i t h  
t h e  f a n  wa s  t h e n  p l a c e d  on t h e  d r y i n g  c h a m b e r  a n d  t h e  t r i a l  
b e g u n .  D i f f e r e n t  t r i a l s  w e r e  r u n  i n  t h i s  m a n n e r  f o r  p e r i o d s  
o f  t i m e  r a n g i n g  f r o m  15 t o  18 h o u r s .  T h e  t e m p e r a t u r e  o f  e a c h  
l a y e r  wa s  r e c o r d e d  a u t o m a t i c a l l y  e v e r y  h o u r  by t h e  CR- 7  
u n i t ,  a n d  s a m p l e s  o f  r i c e  w e r e  a l s o  w i t h d r a w n  e v e r y  h o u r  f o r
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m o i s t u r e  d e t e r m i n a t i o n  by t h e  o v e n  m e t h o d  ( 1 6  h o u r s  a t  
130  ° C ) . At  t h e  e n d  o f  e a c h  t r i a l ,  t h e  d r i e d  r o u g h  r i c e  wa s  
w i t h d r a w n  s t a r t i n g  a t  t h e  t o p  o f  t h e  d r y i n g  c h a m b e r .  
I n t e r n a l  m a r k i n g s  w e r e  p r o v i d e d  t o  f a c i l i t a t e  t h e  w i t h d r a w a l  
o f  t h e  r i c e  i n  l a y e r s .  T h e  r i c e  f r o m  e a c h  l a y e r  wa s  t h e n  
a n a l y z e d  f o r  m i l l  y i e l d s  u s i n g  s t a n d a r d  l a b o r a t o r y  m i l l i n g  
p r o c e d u r e s .
4 . 9  D e e p  b e d  d r y i n g  w i t h  e x h a u s t  a i r  r e c i r c u l a t i o n  e q u i p m e n t  
a n d  p r o c e d u r e
T h e  d r y i n g  c h a m b e r  u s e d  i n  t h e  d e e p  b e d  d r y i n g  t r i a l s  
wa s  r e l o c a t e d  i n s i d e  a n o t h e r  d r y i n g  a p p a r a t u s  a v a i l a b l e  a t  
t h e  A g r i c u l t u r a l  E n g i n e e r i n g  L a b o r a t o r y  a s  s h o wn  i n  P l a t e  9 .  
T h i s  s y s t e m ,  s h o wn  i n  P l a t e  10 a n d  F i g u r e  7 c o n s i s t e d  o f  a 
b l o w e r ,  h e a t i n g  c h a m b e r  a n d  t h e  d r y i n g  c h a m b e r .  C i r c u l a r  
d u c t s  o f  1 2 . 5  cm.  i n t e r n a l  d i a m e t e r  w i t h  s e v e r a l  d a m p e r s  
w e r e  u s e d  t o  c a p t u r e  a n d  r e t u r n  t h e  e x h a u s t  a i r .  T h e  a i r  
t e m p e r a t u r e  was  c o n t r o l l e d  by a d j u s t i n g  t h e  v a r i a c  p r o v i d e d  
f o r  t h e  h e a t e r .
D r y i n g  o f  3 . 5  kg  o f  r o u g h  r i c e  wa s  a c h i e v e d  i n  t h i s  
d r y e r  a r r a n g e m e n t  w i t h  a p o r t i o n  o f  t h e  e x h a u s t  a i r  m i x e d  
w i t h  a m b i e n t  a i r  by a p p r o p r i a t e  a d j u s t m e n t  o f  t h e  d a m p e r s .  
T h e  e x h a u s t  a i r  wa s  t h e n  r e h e a t e d  i n  t h e  h e a t i n g  s e c t i o n .  
F o r  t h e  t r i a l s ,  t h e  d r y i n g  a i r  t e m p e r a t u r e  wa s  r e g u l a t e d  a t  
50 ° C ,  w h i l e  e x h a u s t  a i r  wa s  r e c y c l e d  a t  l e v e l s  o f  2 0 ,  40
P l a t e  9 .  DRYING APPARATUS
















Figure 7- SCHEMATIC DIAGRAM OF AIR RECIRCULATION ARRANGEMENT
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a n d  70%.  Dr y  a n d  w e t  b u l b  t e m p e r a t u r e s  o f  t h e  d r y i n g  a i r  
w e r e  r e c o r d e d  e v e r y  5 m i n u t e s  by  t h e  C R -7  d a t a  l o g g e r  u s i n g  
t h e r m o c o u p l e s .  A i r  v e l o c i t y  e s t i m a t i o n  wa s  a c c o m p l i s h e d  by 
a n  A l n o r  a i r  m e t e r  ( Mo d e l  No .  6 0 0 0 P ) .  T h e  d u r a t i o n  o f  e a c h
d r y i n g  t r i a l  wa s  s u c h  t h a t  t h e  f i n a l  m o i s t u r e  l e v e l  wa s
s u i t a b l e  f o r  m i l l i n g  a n d  wa s  a p p r o x i m a t e l y  12% ( w . b . ) .  At
t h e  e n d  o f  e a c h  t r i a l ,  t h e  r i c e  wa s  t r a n s f e r e d  i n t o
c a r d b o a r d  c o n t a i n e r s ,  s e a l e d  a n d  p l a c e d  i n  t h e  l a b o r a t o r y  
f o r  24 h o u r s  f o l l o w e d  b y  m i l l  y i e l d  a n a l y s i s .
CHAPTER V
SOFTWARE DEVELOPMENT
S e v e r a l  p i e c e s  o f  s o f t w a r e  w e r e  d e v e l o p e d  i n  t h i s  
s t u d y .  T h e y  w e r e  d i v i d e d  i n t o  t h r e e  c a t e g o r i e s :
5 . 1  D a t a  a c q u  i s i t  i on
T h e  d a t a  a c q u i s i t i o n  s o f t w a r e  wa s  w r i t t e n  i n  m a c h i n e  
l a n g u a g e  ( P L / M 8 0 )  a n d  c a l l e d  s e v e r a l  FORTRAN s u b r o u t i n e s .
A l i s t i n g  o f  t h i s  p r o g r a m  i s  i n c l u d e d  i n  A p p e n d i x  A.  Th e  
p u r p o s e  o f  t h i s  s o f t w a r e  wa s  t o  r e a d  t h e  s i g n a l s  a t  t h e  
s p e c i f i e d  t i m e  f r o m  t h e  l o a d  c e l l ,  a i r  m e t e r  a n d  
t h e r m o c o u p l e s  a n d  t o  c o n v e r t  t h e m  t o  v a l u e s  o f  m o i s t u r e  
c o n t e n t  ( p e r c e n t ,  w e t  b a s i s ) ,  a i r  v e l o c i t y  ( m / s ) ,  a n d  
t e m p e r a t u r e  ( ° C )  b a s e d  on c o n v e r s i o n  f a c t o r s  w h i c h  w e r e  
p r o g r a m m e d  i n  t h e  c o m p u t e r .  Th e  i n i t i a l  c o n d i t i o n s  r e q u i r e d  
f o r  t h i s  s o f t w a r e  w e r e  a s  f o l l o w s :
Da t e
E x p e c t e d  f i n a l  g r a i n  w e i g h t ,  g
I n i t i a l  g r a i n  w e i g h t ,  g
I n i t i a l  m o i s t u r e  c o n t e n t ,  d e c i m a l  ( w . b . )
E x p e c t e d  f i n a l  m o i s t u r e  m o i s t u r e  c o n t e n t ,  % ( w . b . )
D a t a  i d e n t i f i c a t i o n
S t a r t i n g  t i m e ,  h o u r s  a n d  m i n u t e s .
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5 . 2  N o n - l i n e a r  r e g r e s s i o n  s o f t w a r e
A l i n e a r  f o r m  o f  t h e  m o d e l  i s :
Y = B + B Z,  + B - Z .  + . . . B Z + E ( 4 9 )  o 1 1  2 2 p p
wh e  r e
Y = D e p e n d e n t  v a r i a b l e ,
B . =  R e g r e s s i o n  c o e f f i c i e n t ,
Z j =  I n d e p e n d e n t  v a r i a b l e s ,  a n d  
E = E r r o r  t e r m .
Any m o d e l  w h i c h  i s  n o t  o f  t h e  f o r m  g i v e n  i n  E q u a t i o n  49 
wa s  c a l l e d  a  n o n - l i n e a r  m o d e l .  T h e r e  a r e  s e v e r a l  m e t h o d s  
a v a i l a b l e  f o r  o b t a i n i n g  t h e  e s t i m a t e s  o f  t h e  p a r a m e t e r s  
u s i n g  r o u t i n e  c o m p u t e r  c a l c u l a t i o n s .  T h e  D am ped  T a y l o r ' s  
s e r i e s  m e t h o d  f o r  m i n i m i z i n g  a  s um o f  s q u a r e s  b y  S p a t h  ( 5 4 )  
wa s  u s e d  t o  d e t e r m i n e  t h e  p a r a m e t e r s  o f  t h e  i n d e p e n d e n t  
v a r i a b l e s  o f  s i n g l e - l a y e r  d r y i n g  m o d e l s  i n  t h i s  s t u d y .  T h i s  
s o f t w a r e ,  w r i t t e n  i n  FORTRAN IV w a s  m o d i f i e d  f o r  a n  I n t e l  
m i c r o c o m p u t e r  t o  wo r k  w i t h  t h e  d i f f e r e n t  n o n - l i n e a r  m o d e l s .  
T h i s  p r o g r a m  d o e s  a n  i t e r a t i v e  p r o c e d u r e  t o  a p p l y  t h e  m e t h o d  
o f  l e a s t  s q u a r e s  t o  e s t i m a t e  n o n - l i n e a r  p a r a m e t e r s  o f  a 
m o d e l .  An e x a m p l e  o f  s u c h  a m o d e l  i s
Y = P 1 ( X 1 P 1 ) (  X2 P 3 ) (  X3 P 4) ( 5 0 )
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whe r e
Y = D e p e n d e n t  v a r i a b l e  ( o b s e r v e d  v a l u e ) ,
X.  = I n d e p e n d e n t  v a r i a b l e s ,  a n d
P .  = P a r a m e t e r s  t o  b e  e s t i m a t e d  
1
P r o g r a m  l i m i t a t i o n s :
Nu mb e r  o f  p a r a m e t e r s  t o  b e  e s t i m a t e d ,  7 
Nu mb e r  o f  i n d e p e n d e n t  v a r i a b l e s ,  7 
Nu mb e r  o f  o b s e r v a t i o n s ,  100
T h e  o u t p u t  c o n s i s t e d  o f  f i n a l  p a r a m e t e r  v a l u e s ,
o b s e r v e d  a n d  c a l c u l a t e d  Y.  v a l u e s  a n d  t h e  d e v i a t i o n s  o f
t h e s e  o b s e r v e d  a n d  c a l c u l a t e d  v a l u e s .  T h e  s um o f  s q u a r e s  o f
2t h e  c a l c u l a t e d  v a l u e s ,  R v a l u e  a n d  a g o o d n e s s  o f  f i t  r a t i o ,  
r e s p e c t i v e l y  w e r e  a l s o  p r i n t e d  i n  t h e  o u t p u t .  A l i s t i n g  o f  
t h i s  p r o g r a m  ma y b e  f o u n d  i n  A p p e n d i x  B.
5 . 3  S o f t w a r e  d e v e l o p m e n t  o f  s i m u l a t i o n  m o d e l
A s i n g l e - l a y e r  d r y i n g  s i m u l a t i o n  p r o g r a m  wa s  d e v e l o p e d  
i n  b o t h  BASI C a n d  FORTRAN l a n g u a g e s .  T h e  BASI C l a n g u a g e  
p r o g r a m  wa s  w r i t t e n  i n  APPLE BASI C w h i c h  r u n s  on APPLE l i e  
c o m p u t e r  a n d  t h e  FORTRAN p r o g r a m  wa s  c o d e d  i n  FORTRAN IV 
b e c a u s e  o f  i t s  a v a i l a b i l i t y  a t  t h e  L o u i s i a n a  S t a t e  
U n i v e r s i t y  S y s t e m  N e t w o r k  C o m p u t e r  C e n t e r  ( S NCC) .  Th e
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m i c r o c o m p u t e r s  h a v e  r e l a t i v e l y  s m a l l  m e m o r y ,  a n d  t h e  
c a l c u l a t i o n  s p e e d  i s  s l o w .  T h e r e f o r e  t h e  s i m u l a t i o n  m u s t  
r e q u i r e  mi n i mu m me mo r y  s p a c e  a n d  CPU t i m e .  On t h e  o t h e r  
h a n d  t h e  m i c r o c o m p u t e r  wa s  m o r e  c o n v e n i e n t  a n d  h a d  b e t t e r
a v a i l a b i l i t y  t h a n  t h e  m a i n  f r a m e  c o m p u t e r .
T h e  d e v e l o p m e n t  o f  t h e  s i m u l a t i o n  m o d e l  i n  t h i s  s t u d y
wa s  b a s e d  on  t h e  b a s i c  a p p r o a c h  f o l l o w e d  by  T h o m p s o n ' s  m o d e l  
( 5 6 ) .  A s i m i l a r  p r o c e d u r e  was  u s e d  by I s l a m  a n d  J i n d a l  ( 3 1 ) .  
A s c h e m a t i c  d i a g r a m  o f  t h e  s i m u l a t i o n  a p p r o a c h  e m p l o y e d  i s  
s h o wn  i n  F i g u r e  1.
T h e  d e e p  b e d  o f  g r a i n  wa s  a s s u m e d  t o  c o n s i s t  o f  a 
s e r i e s  o f  t h i n  l a y e r s  p o s i t i o n e d  n o r m a l  t o  t h e  d i r e c t i o n  o f  
a i r  f l o w  i n  t h e  b i n .  No h e a t  t r a n s f e r  wa s  c o n s i d e r e d  t h r o u g h
t h e  b i n  w a l l s .  D r y i n g  a i r  p a s s e d  t h r o u g h  a  t h i n  l a y e r  o f
r i c e  f o r  a d r y i n g  t i m e  i n t e r v a l .  D u r i n g  t h i s  i n t e r v a l  t h e  
m o i s t u r e  e v a p o r a t e d  f r o m  t h e  g r a i n  i n t o  t h e  a i r  i n c r e a s i n g  
i t s  a b s o l u t e  h u m i d i t y .  T h e  g r a i n  t e m p e r a t u r e  o f  t h e  r i c e  a n d  
t h e  e v a p o r a t i v e  c o o l i n g  d u e  t o  t h e  m o i s t u r e  e v a p o r a t i o n  
i n c r e a s e d  i n  p r o p o r t i o n  t o  t h e  t e m p e r a t u r e  d r o p  o f  t h e  
d r y i n g  a i r .  T h e  r e l a t i o n s h i p s  u s e d  i n  t h e  d e v e l o p m e n t  o f  
t h e  d e e p - b e d  d r y i n g  m o d e l  a r e  a s  f o l l o w s :
a . D r y i n g  a i r  t e m p e r a t u r e
T h i s  t e m p e r a t u r e  i s  t h e  e q u i l i b r i u m  t e m p e r a t u r e  o f  t h e  
d r y i n g  a i r  a n d  t h e  r i c e .  T h o m p s o n  ( 5 6 )  p r o p o s e d  a d r y i n g  
t e m p e r a t u r e  b a s e d  on s e n s i b l e  h e a t  b a l a n c e  b e t w e e n  t h e  a i r
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a n d  t h e  r i c e  a t  e a c h  l a y e r  w h e r e  t h e  d r y i n g  t a k e s  p l a c e  t o  
c a l c u l a t e  t h i s  t e m p e r a t u r e .  T h e  h e a t  b a l a n c e  e q u a t i o n  i s :
0 . 2 4Hq + Hq ( 1 0 6 0  . 8 + 0 . 4 5 T q ) + C Gq =
0 . 2 4 T  + H ( 1 0 6 0 . 8  + 0 . 4 5  T ) + C Te o e e
w h e r e
T q = I n i t i a l  a i r  t e m p e r a t u r e ,  ° F ,
T g = E q u i l i b r i u m  t e m p e r a t u r e ,  ° F ,
Hq = I n i t i a l  h u m i d i t y  r a t i o ,  l b / l b ,
C = S p e c i f i c  h e a t  o f  r i c e ,  B t u / l b .  o f  
G = I n i t i a l  g r a i n  t e m p e r a t u r e ,  ° F .
T h e  f i r s t  t wo  t e r m s  on e a c h  s i d e  
r e p r e s e n t  t h e  i n i t i a l  a n d  e q u i l i b r i u m  h e a t  
a i r ,  a n d  t h e  t h i r d  t e r m s  a r e  i n i t i a l  
t e m p e r a t u r e  o f  t h e  r i c e .
So ,
T = ( . 24  + . 4 5  H ) T + C Ge  o___o________
. 24 + . 4 5H + C.  o
b .  M o i s t u r e  r e m o v e d
( 5 1 )
a i r ,  a n d
o f  t h e  e q u a t  i o n  
c o n t e n t  o f  t h e  
a n d  e q u 1 i b r  i urn
( 5 2 )
T h e  f i n a l  m o i s t u r e  c o n t e n t  was  c a l c u l a t e d  by  u s i n g  
t h e  s i n g l e - l a y e r  d r y i n g  e q u a t i o n .
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c . F i n a l  a i r  a n d  g r a i n  t e m p e r a t u r e
A f t e r  c a l c u l a t i n g  t h e  m o i s t u r e  l o s s  f o r  e a c h  l a y e r  
d u r i n g  a  t i m e  i n t e r v a l ,  t h e  a b s o l u t e  h u m i d i t y  o f  t h e  d r y i n g  
a i r  wa s  i n c r e a s e d  by  a n  a m o u n t
Hj, = F i n a l  h u m i d i t y  r a t i o ,  l b / l b ,
Mq = I n i t i a l  m o i s t u r e  c o n t e n t ,  % ( d . b . ) ,  
= F i n a l  m o i s t u r e  c o n t e n t ,  % ( d . b . ) ,
R = D r y  m a t t e r  t o  a i r  r a t i o  = Dm/ Q t ,
Dm = Dr y  m a t t e r  i n  e a c h  l a y e r ,  l b ,
Q = A i r  f l o w  r a t e ,  c f m / f t ^ ,  a n d
t "= T i me  s t e p  f o r  s i m u l a t i o n ,  m i n .
T h e  f i n a l  t e m p e r a t u r e  wa s  d e t e r m i n e d  w i t h  t h e  f o l l o w i n g  
h e a t  b a l a n c e :
H e a t  l o s t  ( o r  g a i n e d )  b y  a i r  + H e a t  l o s t  ( o r  g a i n e d )  by  
t h e  r i c e  g r a i n  + H e a t  u s e d  i n  e v a p o r a t i o n  ( o r  by
A H  = H.  -  H = (M -  M - ) R  t o  o t ( 5 3 )
w h e r e
c o n d e n s a t  i o n )  = 0 ( 5 4 )
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So ,
T f = ( 0 . 2 4  + - 4 5 H o ) T e -  H ( 1 0 6 0 . 8  + L + 32  -  G)  + C G
0 . 2 4  + 0 . 4 5 H f + C
( 5 5 )
w h e r e
= F i n a l  a i r  t e m p e r a t u r e  , ° F ,
L = L a t e n t  h e a t  o f  v a p o r i z a t i o n ,  B t u / l b ,  a n d  
G = T f r o m  E q u a t i o n  5 2 .
d . P r o p e r t i e s  o f  m o i s t  a i r
d • 1 • S a t u r a t e d  v a p o r  p r e s s u r e  o f  a i r
D ( 2 3 . 3 9 2 4  -  1 1 2 8 6 . 6 4 8 9 / T  . -  . 4 6 0 5 7  l n ( T  . ) )P = e a b s  a b ss
( 5 6 )
w h e r e
P = S a t u r a t e d  v a p o r  p r e s s u r e ,  p s i ,  a n db
Ta b s  = A b s o l u t e  t e m p e r a t u r e ,  ° R .
H = 0 . 6 2 1 9  P y ( 5 7 )
P . -  Pa t m  v
7 ^
w h e r e
H = H u m i d i t y  r a t i o ,  l b  H ^ O / l b  d r y  a i r ,
P v = V a p o r  p r e s s u r e ,  p s i ,  a n d
^ a t m  = A t m o s p h e r i c  p r e s s u r e ,  p s i .
d . 2 .  R e l a t i v e  h u m i d i t y  ( RH)
By d e f i n i t i o n  t h e  r a t i o  o f  v a p o r  p r e s s u r e  a n d  s a t u r a t i o n
v a p o r  p r e s s u r e  i s  t h e  r e l a t i v e  h u m i d i t y .
RH = P / P  . ( 5 8 )v s
d . 3 .  S p e c i f i c  h e a t  o f  m o i s t  a i r
C = 0 . 2 4 0 5  + . 4 5  H ( 5 9 )a
w h e r  e
Cq = S p e c i f i c  h e a t  o f  m o i s t  a i r ,  a n d  
H = A b s o l u t e  h u m i d i t y  o f  a i r .
e • P r o p e r t i e s  o f  r i c e
e . 1 .  S p e c i f i c  h e a t  o f  r i c e
T h e  s p e c i f i c  h e a t  o f  r i c e  c a n  b e  c a l c u l a t e d  
b y  t h e  f o l l o w i n g  r e l a t i o n s h i p s  g i v e n  by W r a t t e n  e t  a l . , ( 6 7 )
C = 0 . 2 2 0 0 8  + 0 . 0 1 3 0 1  M
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( 6 0 )
where
C = S p e c i f i c  h e a t  o f  r i c e ,  a n d  
M = M o i s t u r e  c o n t e n t  o f  r i c e ,  % ( w . b . ) .
e . 2 .  B u l k  d e n s i t y
W r a t t e n  e t  a l . ,  ( 6 7 )  a l s o  g a v e  t h e  r e l a t i o n s h i p s  
b e t w e e n  t h e  b u l k  d e n s i t y  ( BD)  o f  r i c e  a n d  i t s  m o i s t u r e  
c o n t e n t  ( M ) .
BD = 3 1 . 1 9 5  + 0 . 5 2  M.  ( 6 1 )
e . 3 .  L a t e n t  h e a t  o f  v a p o r i z a t i o n  i n  r i c e
T h e  l a t e n t  h e a t  o f  w a t e r  i n  r i c e  wa s  d e v e l o p e d  by
Wa n g ( 6 2 ) .
H,  = ( 6 7 6 . 7 1  -  0 . 3 4 8 7 T )  M ° - 3 46  ( 6 2 )
" S
w h e r e
= H e a t  o f  e v a p o r a t i o n  o f  r i c e ,
T = A i r  t e m p e r a t u r e ,  ° C ,  a n d  
M = M o i s t u r e  c o n t e n t  o f  r i c e ,  % ( d . b . ) .
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f . I n f e a s i b l e  a i r  s t a t e  p o i n t s
T h e  t e m p e r a t u r e  a n d  a b s o l u t e  h u m i d i t y  wa s  
d e t e r m i n e d  f o r  f e a s i b i l i t y  ( r e l a t i v e  h u m i d i t y  wa s  l e s s  t h a n  
100%)  a f t e r  e a c h  o f  t h e  h e a t  b a l a n c e s .  I f  t h e  c o n d i t i o n  wa s  
i n f e a s i b l e ,  i t  wa s  n e c e s s a r y  t o  f i n d  t h e  ne w f i n a l  
t e m p e r a t u r e  a n d  f i n a l  a b s o l u t e  h u m i d i t y  a t  100  % r e l a t i v e  
h u m i d i t y .  T h o m p s o n  a n d  P e a r t  ( 5 7 )  d e v e l o p e d  a t r i a l  a n d  
e r r o r  s o l u t i o n  t o  f i n d  t h e  z e r o  o f  u n k n o w n  f u n c t i o n .  
I n t e r p o l a t i o n  wa s  u s e d  t o  f i n d  t wo u n k n o w n s ;  t h e  f i n a l  
t e m p e r a t u r e  a n d  t h e  e x h a u s t  h u m i d i t y  a t  a r e l a t i v e  h u m i d i t y  
o f  100%.  T h e  f l o w  c h a r t  o f  t h i s  s i m u l a t i o n  m o d e l  i s  s h o wn  i n  
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CHAPTER VI
RESULTS AND DI SCUSSI ON 
6 . 1  S i n g l e  l a y e r  R i c e  D r y i n g
E x p e r i m e n t a l  r e s u l t s  o f  t h e  s i n g l e  l a y e r  d r y i n g  t e s t s
w e r e  a n a l y z e d  s t a t i s t i c a l l y  i n  t e r m s  o f  m o i s t u r e  c o n t e n t  
v e r s u s  d r y i n g  t i m e .  S e l e c t e d  d a t a  s e t s  f r o m  t h e  d r y i n g  
t e s t s  a r e  p r e s e n t e d  i n  A p p e n d i x  I .  C o n d i t i o n s  o f  t h e  d r y i n g  
a i r  s i g n i f i c a n t l y  a f f e c t e d  t h e  m o i s t u r e  r e m o v a l  r a t e  i n  t h e  
s i n g l e  l a y e r  o f  r i c e .
6 . 1 . a .  E f f e c t  o f  a i r  t e m p e r a t u r e
T h e  i n f l u e n c e  o f  d r y i n g  a i r  t e m p e r a t u r e  on  d r y i n g  r a t e
f o r  s e l e c t e d  e x p e r i m e n t s  i s  s h o wn  i n  F i g u r e  9 .  I n  t h e  r a n g e
o f  t h e  e x p e r i m e n t a l  c o n d i t i o n s  s t u d i e d ,  a n  i n c r e a s e  i n
d r y i n g  a i r  t e m p e r a t u r e  r e s u l t e d  i n  a n  i n c r e a s e  i n  m o i s t u r e  
r e m o v a l  r a t e s  f r o m  t h e  r i c e  k e r n e l s .  T h e  s a me  t r e n d  wa s  
o b s e r v e d  f o r  a l l  d r y i n g  c o n d i t i o n s  u s e d  i n  t h e  s t u d y .
6 . 1 . b .  E f f e c t  o f  r e l a t i v e  h u m i d i t y
T h e  e f f e c t  o f  r e l a t i v e  h u m i d i t y  on  d r y i n g  r a t e  i s  
i l l u s t r a t e d  i n  F i g u r e  10 t h r o u g h  F i g u r e  1 2 .  T h e  r e s u l t s  
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Figure 9 . EFFECT OF DRYING TEMPERATURE ON SINGLE-LAYER





I n i t i a l  m. c .  28-7% ( d . b . )
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Figure 10. EFFECT OF RELATIVE HUMIDITY ON SINGLE-LAYER RICE






I n i t i a l  m. c .  28.8% ( d . b . )
Temperature 45 °C
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F ig u r e  12. EFFECT OF RELATIVE HUMIDITY ON SINGLE-LAYER RICE 




r a t e  o f  d r y i n g ,  b u t  t h e  e f f e c t  i s  mu c h  s m a l l e r  t h a n  t h e
e f f e c t  o f  t e m p e r a t u r e  c h a n g e s .  T h e  e f f e c t  o f  h u m i d i t y  i s  
l e s s  p r o n o u n c e d  a t  h i g h e r  t h a n  a t  l o w e r  d r y i n g  t e m p e r a t u r e .
6 . 1 . e .  E f f e c t  o f  a i r  v e l o c i t y
A i r  v e l o c i t y  p r o d u c e d  l i t t l e  o r  n o  c h a n g e  i n  t h e  r a t e
o f  d r y i n g  i n  t h e  f u l l y  e x p o s e d  l a y e r  o f  r i c e .  Th e  
i n s i g n i f i c a n t  e f f e c t  o f  a i r  f l o w  r a t e  i s  d e m o n s t r a t e d
c l e a r l y  i n  F i g u r e s  13 a n d  1 4 .  T h e s e  r e s u l t s  s u g g e s t  t h a t ,  
f o r  a s i n g l e  l a y e r ,  t h e  r a t e  o f  d r y i n g  d e p e n d s  m o s t l y  on  t h e  
p r o p e r t i e s  o f  t h e  g r a i n ,  d r y i n g  a i r  t e m p e r a t u r e  a n d  a i r
r e 1 a  t i v e  humi  d i t y .
6 . 1 . d . E f f e c t  o f  i n i t i a l  m o i s t u r e  c o n t e n t
I n i t i a l  m o i s t u r e  c o n t e n t  o f  t h e  r i c e  a p p e a r e d  t o  
i n f l u e n c e  t h e  d r y i n g  r a t e  a p p r e c i a b l y .  F i g u r e  15 p r e s e n t s  a 
s e t  o f  s u c h  t y p i c a l  r e s u l t s .  H i g h  i n i t i a l  m o i s t u r e  c o n t e n t  
r e s u l t e d  i n  h i g h e r  m o i s t u r e  r e m o v a l  r a t e s  t h r o u g h o u t  t h e  
d r y i n g  p e r i o d  u n d e r  i d e n t i c a l  e x p e r i m e n t a l  c o n d i t i o n s .
6 .  2 S i n g l e - l a y e r  d r y i n g  e q u a t i o n s
F o u r  s i n g l e - l a y e r  d r y i n g  e q u a t i o n s  w e r e  c o m p a r e d  a s  
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Figure 13. EFFECT OF AIR FLOW ON SINGLE-LAYER RICE DRYING,
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Figure lb. EFFECT OF AIR FLOW RATE ON SINGLE-LAYER RICE DRYING,
55 °C AIR TEMPERATURE
40
Temperature ^5 °C 
R e l a t i v e  h u m id ity  50%  







' a i  a o i ° t u r e
60 180 2401 2 0 300 360 420
TIME CMIND
F ig u r e  15- EFFECT OF INITIAL GRAIN MOISTURE CONTENT ON 
SINGLE-LAYER RICE DRYING
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1 .  M = A + B e ( _ k t )
2 .  M = A1 e ( - k l t )  + A 2 e ( _ k 2 t )  + A g
3 .  t  = A 1n ( M ) + B [ 1n ( M ) ] 2r r
4 .  t  = I n  ( A)  -  I n  (M)
BM + C
T h e  f i r s t  t h r e e  m o d e l s  h a v e  a l r e a d y  b e e n  d e s c r i b e d  
e x t e n s i v e l y  i n  t h e  p r e v i o u s  c h a p t e r  a n d  t h e y  w i l l  n o t  b e
e l a b o r a t e d  f u r t h e r .  T h e  l a s t  m o d e l  a s  s h o wn  a b o v e  i s  b a s e d
on  t h e  h y p o t h e s i s  t h a t  t h e  d i f f u s i o n  c o e f f i c i e n t  i s  n o t  
c o n s t a n t  b u t  v a r i e s  l i n e a r l y  w i t h  m o i s t u r e  c o n t e n t .  T h i s  
h y p o t h e s i s  wa s  v e r i f i e d  by d i v i d i n g  t h e  g e n e r a l  
m o i s t u r e - t i m e  c u r v e  f o r  t h e  e n t i r e  d r y i n g  p e r i o d  c o n s i d e r e d  
i n t o  s e v e r a l  s e c t i o n s  a s  s h o wn  i n  F i g u r e  1 6 .  E a c h  s e c t i o n  
wa s  t h e n  a s s u m e d  t o  f o l l o w  on  e x p o n e n t i a l  f u n c t i o n  i n  
a c c o r d a n c e  w i t h  t h e  d i f f u s i o n  t h e o r y .  T h e  d i f f u s i o n  
c o e f f i c i e n t  wa s  t h e n  c o n s i d e r e d  t o  b e  c o n s t a n t  i n  e a c h  o f  
t h e  s m a l l  d r y i n g  p e r i o d s .  T h e  c o m p u t e r  l o g i c  u s e d  t o  
c a l c u l a t e  t h e  k v a l u e  ( k =  c o n s t a n t  X d i f f u s i v i t y )  f o r  e a c h  
o f  t h e  s m a l l  t i m e  i n c r e m e n t s  i s  s h o wn  i n  A p p e n d i x  C .  T h e  
v a l u e s  o f  k w e r e  t h e n  p l o t t e d  a g a i n s t  t h e  a v e r a g e  m o i s t u r e  
c o n t e n t  o f  e a c h  s e c t i o n  a s  s h o wn  i n  F i g u r e  17 a n d  1 8 .  T h e  
l i n e a r  t r e n d  o f  t h e  d i f f u s i o n  c o e f f i c i e n t  w i t h  m o i s t u r e  
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AIR TEMPERATURE





























k = BM + C
1 0 1 5 20 25
I n i t i a l  m. c .  2 8 -7 $  ( d . b . )  
Temperature 55 °C 
R e l a t i v e  h u m id ity  30$
A ir  f lo w  r a t e  .3 3  m^/s/m^
X M . C ( D B )
2 4 . 0 9 5
1 9 . 5 4 4
1 6 . 4 1 9
1 4 . 1 2 3
11.768
8 . 1 3 8
30
Figure 18.
% M. C . C D . B . >
PLOT OF DRYING CONSTANT (k) VS MOISTURE CONTENT,
55 °C AIR TEMPERATURE
0 . 0 1 2 6 9 0 3 6
0 . 0 0 9 1 8 7 0 3
0 . 0 0 8 1 3 2 6 4
0 . 0 0 7 1 3 6 2 5
0 . 0 0 5 3 3 1 5 7
0 . 0 0 2 8 4 1 4 0
vOo
91
6 . 3  C o m p a r i s o n  o f  d r y i n g  m o d e l s
N o n - l i n e a r  r e g r e s s i o n  t e c h n i q u e  wa s  u s e d  f o r  f i t t i n g  
t h e  d r y i n g  d a t a  t o  t h e  m o d e l s .  T h e  r e s i d u a l  p l o t s  w e r e  
e x a m i n e d  a s  a q u a l i t a t i v e  m e a s u r e  o f  m o d e l  a d e q u a c y  a n d  
b a s i s  f o r  c o m p a r i s o n .  S i n c e  i t  i s  n o t  p o s s i b l e  t o  c o m p a r e  
d i r e c t l y  e q u a t i o n s  w i t h  d i f f e r e n t  d e p e n d e n t  v a r i a b l e s ,  
M o d e l s  1 a n d  2 w e r e  c o m p a r e d  a n d  M o d e l s  3 a n d  4 w e r e  
c o m p a r e d .  H e n c e  t wo  m o d e l s  w e r e  s e l e c t e d  f o r  d e e p  b e d  
s i m u l a t i o n  p u r p o s e s .  On e  wa s  b a s e d  on t h e  d i f f u s i o n  t h e o r y  
a n d  t h e  o t h e r  o n e  i s  a n  e m p i r i c a l  m o d e l .  F i g u r e  19 
i l l u s t r a t e s  t y p i c a l  p l o t  o f  r e s i d u a l s  a g a i n s t  t h e  
i n d e p e n d e n t  v a r i a b l e  t i m e  f o r  l o w t e m p e r a t u r e  d r y i n g  f o r  t h e  
t wo  e x p o n e n t i a l  m o d e l s .  Th e  i n a d e q u a c y  o f  t h e  o n e  t e r m  
e x p o n e n t i a l  m o d e l  ( Mo d e l  1)  i s  c l e a r l y  s h o wn  by t h e  d e f i n i t e  
p a t t e r n  o f  t h e  r e s i d u a l s  s h o w i n g  t h a t  t h e  m o d e l  i s  
u n d e r p r e d i c t i n g  f o r  o n e  t i m e  p e r i o d  a n d  o v e r p r e d i c t i n g  a t  
o t h e r  t i m e  p e r i o d .  T h e  u s e  o f  s u c h  a m o d e l  w i l l  i n t r o d u c e  
s e r i o u s  d i s c r e p a n c i e s  b e t w e e n  e x p e r i m e n t a l  r e s u l t s  a n d  
t h e o r e t i c a l  p r e d i c t i o n s .  A l t h o u g h  a s i m i l a r  t y p e  p a t t e r n  c a n  
b e  o b s e r v e d  f o r  t h e  t wo t e r m  e x p o n e n t i a l  m o d e l  ( Mo d e l  2 ) ,  i t  
wa s  n o t  d e e m e d  i m p o r t a n t  s i n c e  a l l  t h e  p o i n t s  w e r e  s o  c l o s e  
t o  t h e  z e r o  l i n e  a n d  t h e  p r e d i c t i o n  e r r o r s  w e r e  r e l a t i v e l y  
l o w .  T h e y  c o u l d  be  a s c r i b e d  i n  p a r t  t o  t r a n s d u c e r  d r i f t  a n d  
o t h e r  m e a s u r e m e n t  e r r o r s .  I d e a l l y  o n e  w o u l d  l i k e  t o  o b t a i n  a 
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z e r o  l i n e ,  b u t  s u c h  a  p l o t  w o u l d  be  v e r y  d i f f i c u l t  t o  o b t a i n  
i n  t h i s  t y p e  o f  e x p e r i m e n t .  H e n c e  M o d e l  2 w a s  s e l e c t e d  o v e r  
Mo d e 1 1 .
T h e  r e s i d u a l s  p l o t t e d  a g a i n s t  d e p e n d e n t  v a r i a b l e  
m o i s t u r e  c o n t e n t  f o r  t h e  t wo  e m p i r i c a l  m o d e l s  a r e  p r e s e n t e d  
i n  F i g u r e  2 0 .  A g a i n  t h e  r e s i d u a l s  f o l l o w e d  a s y s t e m a t i c  
p a t t e r n .  H o w e v e r ,  a s  o b s e r v e d  b e f o r e ,  t h e  p l o t  f o r  t h e  l a s t  
m o d e l  wh e n  c o m p a r e d  t o  m o d e l  3 d e m o n s t r a t e s  a  t y p e  o f  
p a t t e r n  w h i c h  i s  a c c e p t a b l e  f o r  t h e  p u r p o s e  o f  t h i s  s t u d y .  
H e n c e  Mo d e l  4 wa s  s e l e c t e d  o v e r  M o d e l  3 .
F o r  h i g h  t e m p e r a t u r e  d r y i n g ,  t h e  c h o i c e  o f  t h e  m o d e l s  
wa s  n o t  a s  d e f i n i t e  a s  i n  l o w t e m p e r a t u r e  d r y i n g .  Th e  
r e s i d u a l s  w e r e  m o r e  s c a t t e r e d  a n d  t h e  d i f f e r e n c e  b e t w e e n  a n y  
t wo  m o d e l s  s m a l l .  T h e s e  p l o t s  a r e  i l l u s t r a t e d  i n  F i g u r e  21 
a n d  F i g u r e  22 f o r  a l l  f o u r  m o d e l s .  T h e  m a i n  d i f f e r e n c e  
b e t w e e n  t h e  h i g h  a n d  l o w  t e m p e r a t u r e  p l o t s  i s  t h e  l e n g t h  o f  
t h e  d r y i n g  t i m e  w h i l e  t h e  g r a i n  wa s  a l l o w e d  t o  d r y  f o r  6 
h o u r s  f o r  l o w t e m p e r a t u r e  d r y i n g  ( o n - f a r m  s y s t e m ) ,  t h e  
d r y i n g  t i m e  f o r  h i g h  t e m p e r a t u r e  wa s  o n l y  40 m i n u t e s  s i n c e  
m o s t  c o m m e r c i a l  c o n t i n o u s  r i c e  d r y i n g  o p e r a t i o n s  a r e  
c o n d u c t e d  i n  s e v e r a l  p a s s e s  e a c h  o f  a b o u t  40  m i n u t e s  
d u r a t i o n  e m p l o y i n g  h i g h  t e m p e r a t u r e  a i r .  H e n c e  f o r  h i g h  
t e m p e r a t u r e  d r y i n g ,  t h e r e  i s  n o t  muc h  a d v a n t a g e  i n  c h o o s i n g  
t h e  m o d e l  w i t h  m o r e  i n d e p e n d e n t  v a r i a b l e s  t h a n  t h e  o n e  w i t h  
l e s s e r  i n d e p e n d e n t  v a r i a b l e s  ( Mo d e l  2 v e r s u s  M o d e l  1 a n d  
M o d e l  4 v e r s u s  M o d e l  3 )  s i n c e  t h e  g a i n  i n  a c c u r a c y  i s  v e r y  
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T I ME  C MI N i






c o m p u t e r  t i m e  a n d  c o s t  i n  s i m u l a t i o n  w o r k  a r e  t h e  m a i n  
a d v a n t a g e  i n  u s i n g  a  s i m p l e r  m o d e l  w i t h  a s  f e w  i n d e p e n d e n t  
v a r i a b l e s  a s  p o s s i b l e  t h a t  w o u l d  d e s c r i b e  t h e  e n t i r e  d r y i n g  
p r o c e s s  .
o
T a b l e  1 l i s t s  t h e  e r r o r  m e a n  s q u a r e  ( S ) v a l u e s  f o r  a l l  
m o d e l s  f o r  b o t h  l o w  a n d  h i g h  t e m p e r a t u r e s  d r y i n g .  T h e  c h o i c e  
o f  t h e  a p p r o p r i a t e  m o d e l  f o r  l o w  t e m p e r a t u r e  d r y i n g  i s  
o b v i o u s  by  n o t i n g  t h e  r e d u c t i o n  i n  e r r o r  m e an  s q u a r e s  f r o m  
o n e  m o d e l  t o  a n o t h e r .  H o w e v e r  f o r  h i g h  t e m p e r a t u r e  d r y i n g ,  
i t  c a n  be  o b s e r v e d  t h a t  t h e  e r r o r  m ean  s q u a r e  v a l u e s  a r e  
mu c h  c l o s e r ,  h e n c e  s u p p o r t i n g  t h e  p r e v i o u s  c o m m e n t s  a b o u t  
m o d e l  s e l e c t i o n  i n  t h i s  t y p e  o f  d r y i n g .
6 . 4  D e v e l o p m e n t  o f  g e n e r a l  m o d e l
A s t a t i s t i c a l  a p p r o a c h ,  i n  t h i s  c a s e  t h e  s t e p w i s e  
r e g r e s s i o n  t e c h n i q u e  ( 1 6 ) ,  wa s  u s e d  t o  d e v e l o p  a g e n e r a l  
s i n g l e  l a y e r  d r y i n g  m o d e l  t h a t  w o u l d  a p p l y  o v e r  a l l  d r y i n g  
c o n d i t i o n s  u s e d  i n  t h i s  s t u d y .  T h e  i n d i v i d u a l  c o e f f i c i e n t s  
f o u n d  i n  t h e  t wo  s i n g l e - l a y e r  m o d e l s  s e l e c t e d  w e r e  e x p r e s s e d  
a s  a f u n c t i o n  o f  t h e  d r y i n g  p a r a m e t e r s  ( a i r  t e m p e r a t u r e ,  a i r  
r e l a t i v e  h u m i d i t y ,  a i r  v e l o c i t y  a n d  g r a i n  i n t i t i a l  m o i s t u r e  
c o n t e n t ) .  F o r  h i g h  t e m p e r a t u r e  d r y i n g ,  a g e n e r a l  m o d e l  w as  
d e v e l o p e d  o n l y  f o r  t h e  e m p i r i c a l  m o d e l  f o r  c o m p a r i s o n  
p u r p o s e s .  T h e  r e s u l t s  o f  t h e  s t e p w i s e  p r o c e d u r e  a r e  
p r e s e n t e d  i n  T a b l e  2 .  w h i l e  A p p e n d i c e s  D , E ,  a n d  F l i s t  t h e  
c o e f f i c i e n t s  f o r  a l l  d i f f e r e n t  c o m b i n a t i o n s  o f  d r y i n g
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1. M  - Ae~kt + B 1.04 E - 5 9.4 E - 7
2. M  - A 1 e_klt + A 2 e_k2t + A3 3.94 E - 7 6.9 E - 7
3. t - A In (Mr ) + B [In (Mr ) ] 2 93.506900 0.07713070
In A - In M
• rt 1 3.266420 0.0411735
BM + C
Note : S 2  - (l/(n-q)[ ji“ (A-P)2 ]
1
where n • total number of data points
q - number of constants to be determined
A «■ actual data
P - predicted data
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Table 2 - Results of Regression Analysis for Different Models
Low Temperature
A. M = A1e"klt + A2e"k2t + A3
Ax = 0.04711 + 0.00462 M + 0.0007459 T - 0.00110803 RH 
Kx = 0.000255 - 0.0001095 M + 0.0002825 T - 0.0000537 RH + 0.00001195 Q
A2 = -0.037051 + 0.0024998 M + 0.0002303 T - 0.0001858 RH - 0.0001859 Q
K2 = 0.04339 + 0.001328 T - 0.0009065 RH + 0.00057 Q
A3 = 0.03529 + 0.001344 M - 0.0008159 T + 0.001356 RH
In A - In M
B. t = ----------
BM + C
A = 0.007135 + 0.0081998 M + 0.0013924 T - 0.000151 RH - 0.000163 Q
B = -0.013244 - 0.000654 M + 0.0017915 T - 0.000263 RH 
C = 0.001952 + 0.0000386 M - 0.00006043 T - 0.00003546 RH 
High Temperature
In A - In M
C. t = ----------
BM + C
A = 0.30545 + 0.0254 M - 0.01773 T + 0.00031 RH - 0.000265 M2
+ 0.000144 T2 
B = 1.2295 - 0.04293 T + 0.00135 RH + 0.000368 T2
C = 0.01068 - 0.000254 RH - 0.00000992 M2 + 0.0000038 T2
Note : M = Moisture content at time t, % (d.b.)
T = Temperature, °C
RH = Relative Humidity, %
Q = Air Flow Rate, m2/s/m2
t = Time, min
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c o n d i t i o n s .  T h e  g e n e r a l  m o d e l s  w e r e  t h e n  u s e d  i n  d e e p  b e d  
s i m u l a t i o n .  Th e  s i m u l a t i o n  m o d e l s  w e r e  t h e n  v a l i d a t e d .
6 . 5  D e e p  Be d  S i m u l a t i o n
E x p e r i m e n t a l  a n d  s i m u l a t e d  m o i s t u r e  p r o f i l e s  a t  
d i f f e r e n t  l a y e r s  i n  t h e  d e e p  b e d  f o r  t h e  t wo  s i n g l e - l a y e r  
m o d e l s  a r e  c o m p a r e d  i n  F i g u r e  23 t h r o u g h  F i g u r e  2 8 .  F o r  a l l  
d r y i n g  c o n d i t i o n s  s i m u l a t e d ,  t h e  e m p i r i c a l  m o d e l  w h i c h  i s  
b a s e d  on  a  m o i s t u r e  d e p e n d e n t  d i f f u s i v i t y  a p p e a r s  t o  g i v e  a 
c l o s e r  a g r e e m e n t  w i t h  e x p e r i m e n t a l  m o i s t u r e  v a l u e s  t h a n  t h e  
t wo  t e r m  e x p o n e n t i a l  m o d e l .  T h e  e x p o n e n t i a l  m o d e l  t e n d s  t o  
c o n v e r g e  mo r e  r a p i d l y  a t  m o d e r a t e  t i m e  ( t )  a n d  h e n c e  
p r e d i c t s  a mu c h  f a s t e r  d r y i n g  r a t e  t h a n  a c t u a l l y  h a p p e n e d .  
I n  a l l  c a s e s ,  t h e  s i m u l a t i o n  t e n d s  t o  c o n s i s t a n t l y  
u n d e r p r e d i c t  t h e  m o i s t u r e  c o n t e n t s .  T h e  d i f f e r e n c e  i n  
m o i s t u r e  v a l u e s  i s  l a r g e r  i n  t h e  b o t t o m  t h a n  i n  t h e  t o p  
l a y e r s .  T h e  f a c t  t h a t  t h e  s i n g l e - l a y e r  e q u a t i o n s  p r e d i c t  a 
f a s t e r  d r y i n g  r a t e  i n  t h e  b o t t o m  l a y e r  t h a n  o b s e r v e d  
s u g g e s t s  t h a t  a  s l o w e r  d r y i n g  r a t e  s h o u l d  b e  e x p e c t e d  
t h e o r e t i c a l l y  i n  t h e  t o p  l a y e r  d u e  t o  t h e  l o w e r  o r  r e d u c e d  
d r y i n g  p o t e n t i a l  o f  t h e  a i r  a s  i t  r e a c h e s  t h e  t o p  l a y e r .  
T h i s  d i d  n o t  h a p p e n ,  a n d  t h e  s i m u l a t i o n  m o d e l  wa s  s t i l l  
u n d e r p r e d i c t i n g .  H o w e v e r  t h e  d i f f e r e n c e  b e t w e e n  p r e d i c t e d  
a n d  a c t u a l  m o i s t u r e  v a l u e  w e r e  mu c h  s m a l l e r .  An e x p l a n a t i o n  
f o r  t h i s  t r e n d  c o u l d  b e  t h e  wa y  c o n d e n s a t i o n  o f  w a t e r  f r o m  















I n i t i a l  m. c .  25-24% ( w . h . )  
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R e l a t i v e  h u m id ity  50%
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B- Bottom l a y e r
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I n i t i a l  m. c .  24.51% ( w . b . )  
Tem perature 45 °C 
R e l a t i v e  h u m id ity  4-0%
A ir  f lo w  r a t e  .1 3  m V s / m2
A Observed  
□  P r e d ic t e d  
T- Top l a y e r  
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I n i t i a l  m. c.  2 6 -5 0 $  ( w . b . )  
Tem perature 55 °C 
R e l a t i v e  h u m id ity  40$
A ir  f lo w  r a t e  .2 3  r r P / s / m 2'
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□  P r e d ic t e d  
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I n i t i a l  m. c .  26.50% ( w . b . )  
Tem perature 55 °C 
R e l a t i v e  h u m id ity  40%
A ir  f lo w  r a t e  .2 3  m^/s/m^
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□  P r e d ic t e d  
T- Top la y e r  
-  M iddle l a y e r  
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s i m u l a t i o n  p r o g r a m .  When t h e  d r y i n g  a i r  a t t a i n e d  a n  
i n f e a s i b l e  s t a t e  ( r e l a t i v e  h u m i d i t y  g r e a t e r  t h a n  1 0 0 %) ,  i t  
wa s  n e c e s s a r y  t o  s i m u l a t e  t h e  c o n d e n s a t i o n  o f  w a t e r  f r o m  t h e  
a i r  i n t o  t h e  r i c e  t o  b r i n g  t h e  r e l a t i v e  h u m i d i t y  b e t w e e n  99 
a n d  100  p e r c e n t .  I n  t h e  a c t u a l  d r y i n g  t e s t s ,  m o r e  
c o n d e n s a t i o n  t h a n  p r e d i c t e d  p r o b a b l y  o c c u r r e d .  H e n c e  t h e  
a c t u a l  m o i s t u r e  c o n t e n t  wa s  h i g h e r .
T h e  u n d e r p r e d i c t i o n  o f  t h e  m o i s t u r e  c o n t e n t  i n  t h e  
l a y e r s  o f  t h e  r i c e  p r o f i l e  ma y  a l s o  b e  r e l a t e d  t o  t h e  way  
e x p e r i m e n t a l l y  d e t e r m i n e d  s i n g l e - l a y e r  e q u a t i o n s  a r e  u s e d  i n  
d e e p - b e d  m o d e l s .  At  a n y  p o i n t  i n  t h e  b e d ,  t e m p e r a t u r e  a n d  
h u m i d i t y  a r e  c h a n g i n g  t h r o u g h o u t  t h e  d r y i n g  p e r i o d .  At  a 
p a r t i c u l a r  t i m e  t h e  s i n g l e - l a y e r  e q u a t i o n  i s  u s e d  by f i r s t  
c a l c u l a t i n g  a n  e q u i v a l e n t  t i m e  a t  t h e  c o r r e s p o n d i n g  a i r  
c o n d i t i o n s  a n d  r i c e  m o i s t u r e  c o n t e n t  a n d  t h e n  s i m u l a t i n g  
d r y i n g  d u r i n g  t h e  n e x t  t i m e  i n c r e m e n t  s t a r t i n g  f r o m  t h e  
p o i n t  on  t h e  c u r v e  o r  b a s e d  on  t h e  ne w d r y i n g  c u r v e .  T h u s  
i n s t e a d  o f  t h e  s i n g l e  l a y e r  o f  r i c e  f o l l o w i n g  a s i n g l e  c u r v e  
a s  i n  t h e  c a s e  wh e n  t h e  s i n g l e  l a y e r  t e s t s  w e r e  c o n d u c t e d ,  
e a c h  s u c c e s i v e  k e r n e l  o f  r i c e  f o l l o w s  a  s e r i e s  o f  c u r v e s  
b a s e d  on  c h a n g i n g  s i m u l a t e d  a i r  c o n d i t i o n s .  T h i s  may 
i n t r o d u c e  s ome  e r r o r  i n  t h e  p r e d i c t i o n s  o f  i n d i v i d u a l  l a y e r  
d r y i n g .
F u r t h e r  e r r o r  may a l s o  b e  i n t r o d u c e d  i n  r e d e f i n i n g  t h e  
g e n e r a l i z e d  s i n g l e  l a y e r  e q u a t i o n  wh e n  d r y i n g  a i r  a n d  g r a i n  
c o n d i t i o n s  c h a n g e d .  T h e  g e n e r a l i z e d  m o d e l  wa s  d e v e l o p e d  o v e r  
a  r a n g e  o f  a i r  t e m p e r a t u r e  a n d  h u m i d i t y  a n d  i n i t i a l  m o i s t u r e
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c o n t e n t  o f  t h e  r i c e .  H o w e v e r  d u r i n g  t h e  c o u r s e  o f  t h e  
s i m u l a t i o n ,  s ome  o f  t h e s e  l i m i t s  w e r e  e x c e e d e d ,  e s p e c i a l l y  
i n i t i a l  m o i s t u r e  c o n t e n t  a n d  a i r  h u m i d i t y .  H e n c e  
e x t r a p o l a t i o n  b e y o n d  t h e  o r i g i n a l  r e g r e s s i o n  f i t  wa s  
n e c e s s a r y  t o  e x p r e s s  t h e  c o e f f i c i e n t  i n  t h e  s i n g l e  l a y e r  
d r y i n g  e q u a t i o n s  a s  f u n c t i o n  o f  t h e  n e w a i r  a n d  g r a i n  
c o n d i t i o n .  N o r m a l l y  t h i s  p r o c e d u r e  i s  n o t  r e c o m m e n d e d .
S i m u l a t e d  a i r  t e m p e r a t u r e s  a r e  c o m p a r e d  t o  o b s e r v e d
t e m p e r a t u r e  b e t w e e n  l a y e r s  i n  F i g u r e  29 t h r o u g h  F i g u r e  3 4 .  
S i m u l a t e d  t e m p e r a t u r e s  a r e  h i g h e r  t h a n  o b s e r v e d  v a l u e s .  T h e  
l a r g e s t  d i f f e r e n c e  g e n e r a l l y  a r e  i n  t h e  t o p  l a y e r s .  Th e
o v e r - p r e d i c t i o n  o f  t e m p e r a t u r e s  i n  t h e  r i c e  l a y e r s  a p p e a r s  
t o  a g r e e  w i t h  t h e  g e n e r a l  u n d e r - p r e d i c t i o n  o f  m o i s t u r e  
c o n t e n t .  S i n c e  l e s s  m o i s t u r e  i s  r e m o v e d  i n  t h e  m o d e l ,  l e s s  
w a t e r  i s  e v a p o r a t e d  l e a v i n g  m o r e  e n e r g y  a v a i l a b l e  a s  
s e n s i b l e  h e a t ,  T h u s  t e m p e r a t u r e s  a r e  h i g h e r .  A l s o  i n  t h e  
e x p e r i m e n t a l  d r y e r  u s e d  i n  d e e p  b e d  t e s t s ,  t h e r e  i s  s ome
h e a t  l o s s  t h r o u g h  t h e  w a l l s  a n d  i n  t h e  e x p o s e d  t o p  s u r f a c e  
o f  t h e  r i c e  a c c o u n t i n g  f o r  l o w e r  o b s e r v e d  t e m p e r a t u r e
e s p e c i a l l y  i n  t h e  t o p  l a y e r s .
6 . 6  M i l l i n g  y i e l d s
T h e  r e s u l t s  o f  m i l l i n g  y i e l d s  o f  r i c e  a t  e a c h  l a y e r  a r e  
s h o wn  i n  T a b l e  3 .  At  t h e  b o t t o m  l a y e r ,  t h e  y i e l d s  a r e  l o w e r  
t h a n  t h e  m i d d l e  l a y e r  a n d  t o p  l a y e r .  T h i s  i s  d u e  t o  t h e  f a c t  
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I n i t i a l  m. c .  2 5 . 2 k f o  ( w . b . )  
Tem perature 35 °C 
R e l a t i v e  h u m id ity  $0%
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I n i t i a l  m.c 2 4 . 5 1 /  ( w . b . )  
Tem perature 45 °C 
R e l a t i v e  h u m id ity  40%
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Figure 31. COMPARISON OF OBSERVED AND PREDICTED DRYING TEMPERATURES



























I n i t i a l  m. c .  Z k . ^ l f o  ( w . b . )  
Tem perature A5 °C 
R e l a t i v e  h u m id ity  b0%
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T- Top la y e r  
M- M iddle la y e r  
B- Bottom la y e r
I n i t i a l  m. c .  2 6 . 5 0 %  ( w . b . )  
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A ir  f lo w  r a t e  .23  m / s / m  
A  Observed  




COMPARISON OF OBSERVED AND PREDICTED DRYING TEMPERATURES





























T I N E  <HR>
T- Top la y e r  
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I n i t i a l  m.c 2 6 - 5 0 %  ( w . b . )  
Tem perature 55 °C  
R e l a t i v e  h u m id ity  k0%>
A ir  f lo w  r a t e  .23  m^/s/m^ 
A Observed  
Q P r e d ic te d
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Table 3 - % Head Rice Yield of Each Layer in Deep Bed Dryer
% Head Rice Yield
Layer _____________________________________
jjj jjj
Condition 1 Condition 2 Condition 3
1 (Bottom) 59.85 59.52 46.06
2 61.43 63.77 51.02
3 60.66 63.64 48.93
4 63.12 63.03 55.97
5 60.63 64.16 57.42
6 (Top) 58.21 62.20 57.21
Note : * Drying Conditions
Condition 1 : Temp. = 35 °C; RH = 50 %; Q = .28 m'Vs/m^; Initial grain 
M. C. = 33.83 % d.b..
Condition 2 : Temp. = 45.5 °C; RH = 40 %; Q = .13 m^/s/m^; Initial grain
M. C. = 31.57 % d.b..
Condition 3 : Temp. = 51.5 °C; RH = 40 %; Q = .23 Initial grain
M. C. = 36.50 % d.b..
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b o t t o m  l a y e r  r e s u l t i n g  i n  a l a r g e r  p e r c e n t a g e  o f  b r o k e n  
k e r n e l s  t h a n  i n  t h e  o t h e r  l a y e r s .
6 . 7  R e c i r c u l a t i o n  o f  d r y i n g  a i r
T h e  w e t  b u l b  a n d  d r y  b u l b  t e m p e r a t u r e s  w e r e  m e a s u r e d  a t  
d i f f e r e n t  l o c a t i o n s  i n  t h e  s y s t e m s .  T h e  v a l u e s  o f  
m e a s u r e m e n t  o f  40  p e r c e n t  r e c y c l e  r a t i o  d u r i n g  d r y i n g  
p r o c e s s  a r e  s h o wn  i n F i g u r e  3 5 .  T h e  a m b i e n t  a i r  a t  30 ° C  a n d
0 . 0 1 3  k g / k g  wa s  m i x e d  w i t h  t h e  e x h a u s t  a i r  f r o m  t h e  d r y e r  
a n d  t h e  c o n d i t i o n  o f  t h e  m i x t u r e  wa s  3 7 . 5  ° C a n d  0 . 0 1 7  k g / k g  
r e c y c l e d  b a c k  t o  t h e  s y s t e m .
Th e  p s y c h r o m e t r i c  c h a r t s  o f  d r y i n g  a n d  r e c i r c u l a t i o n  
p r o c e s s  o f  2 0 ,  4 0 ,  70 r e c y c l e  r a t i o  a r e  s h o wn  i n  F i g u r e  36
t h r o u g h  F i g u r e  3 8 .  R e f e r r i n g  t o  F i g u r e  3 7 ,  p o i n t  A 
r e p r e s e n t s  t h e  a m b i e n t  a i r  c o n d i t i o n .  P o i n t  B r e p r e s e n t s  t h e  
h e a t e d  a i r  w i t h o u t  r e c i r c u l a t i o n .  T h e  m i x i n g  o f  h e a t e d  a i r  
a n d  a m b i e n t  a i r  c a u s e d  t h e  i n c r e a s i n g  o f  h u m i d i t y  o f  h e a t e d  
a i r .  P o i n t  a t  l o c a t i o n  B'  r e p r e s e n t s  d a t a  a t  t h e  b e g i n n i n g  
a n d  m o v e s  u p w a r d  wh e n  t h e  d r y i n g  p r o c e e d s  t o  t h e  e n d  o f  
d r y i n g  c y c l e .  L i n e  1 c o n n e c t e d  t h e  r e s u l t i n g  o f  e x h a u s t  a i r  
c o n d i t i o n s  w h i c h  s h o w e d  i n c r e a s i n g  i n  t e m p e r a t u r e  a s  t h e  
d r y i n g  p r o c e e d e d .  L i n e  2 i s  c o n n e c t e d  t h e  m i x t u r e  c o n d i t i o n s  
a n d  t h e  m a k e - u p  a i r .
E n t h a l p y  o f  t h e  a i r  wa s  r e a d  f r o m  p s y c h r o m e  t r i c c h a r t  
a n d  t h e  r e s u l t s  a r e  s h o wn  i n  T a b l e  4 .  F o r  n o n - r e c i r c u l a t i o n ,  























Figure 36. PSYCHROMETRICS OF THE DRYING PROCESS WITH







Figure 37. PSYCHROMETRICS OF THE DRYING PROCESS WITH








T e m p e r a t u r e  (c )
Figure 38. PSYCHROMETRICS OF THE DRYING PROCESS WITH
7 2 . 2% OF THE EXHAUST AIR
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e n t h a l p y  d i f f e r e n c e  w i t h  r e c i r c u l a t i o n  i s  d i f f e r e n c e  b e t w e e n  
t h e  e n t h a l p y  a t  p o i n t  B '  a n d  c o r r e s p o n d i n g  p o i n t s  a t  l i n e  2 .  
T h e  p e r c e n t a g e  o f  r e d u c t i o n  o f  e n t h a l p y  d i f f e r e n c e  b e t w e e n  
r e c i r c u l a t i o n  a n d  n o n - r e c i r c u l a t i o n  a t  t h e  b e g i n n i n g  a n d  a t  
t h e  e n d  o f  d r y i n g  o f  e a c h  r e c y c l e  r a t i o  a r e  a l s o  s h o w n .  L e s s  
e n e r g y  wa s  r e q u i r e d  a t  t h e  e n d  o f  t h e  d r y i n g  t e s t .  Th e  
e n e r g y  e f f i c i e n c y  o f  e a c h  r e c y c l e  r a t i o  wa s  c a l c u l a t e d  by  
t h e  e q u a t i o n  a s  m e n t i o n e d  b e f o r e  a n d  s h o wn  i n  T a b l e  5 .  Th e  
a v e r a g e  o f  e n t h a l p y  d i f f e r e n c e  o f  r e c y c l i n g  a i r  wa s  c o m p u t e d  
f r o m  t h e  t h e  a v e r a g e  o f  t h e  e n t h a l p y  d i f f e r e n c e  a t  t h e  
b e g i n n i n g  s t a t e  a n d  a t  t h e  e n d  s t a t e .
T h e  r e s u l t s  i n d i c a t e d  a h i g h e r  e n e r g y  r e q u i r e m e n t  f o r  
d r y i n g  a t  t h e  h u m i d i t y  r a t i o  o f  t h e  a i r  i n c r e a s e d .  T h i s  wa s  
d u e  t o  t h e  l o n g e r  r e s i d e n c e  t i m e  o f  t h e  r i c e  i n  t h e  d r y e r  a t  
t h e  a m o u n t  o f  e x h a u s t  a i r  w h i c h  wa s  r e c i r c u l a t e d  b a c k  i n t o  
t h e  s y s t e m  i n c r e a s e d .  H e n c e  m o r e  t o t a l  h e a t  wa s  r e q u i r e d  t o  
m a i n t a i n  t h e  a i r  t e m p e r a t u r e  a t  t h e  s e t  c o n d i t i o n  f o r  
d r y i n g .
T h e  m i l l i n g  y i e l d s  o f  t h e  r i c e  f o r  t h e  d i f f e r e n t  a i r  
r e c y c l e  r a t i o s  a n d  i n  t h e  c a s e  o f  n o  a i r  r e c i r c u l a t i o n  a r e  
c o m p a r e d  i n  T a b l e  6 .  I t  c a n  b e  o b s e r v e d ,  f r o m  t h i s  i n i t i a l  
t e s t s  t h a t  t h e  d i f f e r e n c e s  i n  h e a d  r i c e  y i e l d s  b e t w e e n  t h e  
n o n - r e c i r c u 1 a t e d  a i r  a n d  t h e  t wo l o w e r  a i r  r e c y c l e  r a t i o s  
a r e  r e l a t i v e l y  s m a l l .  S t a t i s t i c a l  a n a l y s i s  o f  t h e s e  y i e l d  
d i f f e r e n c e s  w o u l d  r e q u i r e  a n u m b e r  o f  t e s t s ,  w h i c h  was  
b e y o n d  t h e  s c o p e  o f  t h i s  r e s e a r c h .  N o t e ,  h o w e v e r ,  t h e  h e a d  
y i e l d  a t  t h e  h i g h e s t  r e c y c l e  r a t i o ,  i n  t h e s e  i n i t i a l  t e s t s ,
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Table 4  - Air Enthalpies and Percent Enthalpy Reduction















Beginning End Beginning End
21.2 23 20 15.0 13.04 34.78
42.0 23 19.5 14.5 15.2 36.96
72.1 22 19 13.0 13.64 40.91
* Enthalpy differences are given at 
of drying.
the start and at the final stages













Water Energy (kJ) 
Removed per kg of 
(kg) water removed
21.2 50 18.3 11.2 0.28 10750.0
42.0 75 18.1 10.8 0.31 14148.4
72.1 90 18.5 10.1 0.327 15010.9
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T a b l e  6  -  C o m p a r is o n  o f  Z  H e a d  R i c e  T i e l d  b e t w e e n  N o n - R e c i r c u l a t i o n  a n d
R e c i r c u l a t i o n  o f  D r y in g  A i r
D r y in g  C o n d i t i o n s Z  H e a d  R i c e  T i e l d
N o n - R e c i r c u l a t i o n 6 2 . 8 9
Z  R e c y c l e  R a t i o
R e c i r c u l a t i o n 2 1 . 2 6 1 . 5 7
4 0 . 0 6 2 . 7 0
7 2 . 1 5 7 . 6 9
1 2 k
wa s  a p p r o x i m a t e l y  5 p e r c e n t  l o w e r  t h a n  t h e  o t h e r  y i e l d s .  One  
p l a u s i b l e  r e a s o n  c o u l d  be  t h e  f a c t  t h a t  t h e  a v e r a g e  f i n a l  
m o i s t u r e  o f  t h e  r i c e  f o r  t h i s  t r e a t m n e t  wa s  mu c h  l o w e r .  I t
i s  q u i t e  l i k e l y  t h a t  t h e  b o t t o m  r i c e  l a y e r s  w e r e  o v e r  d r i e d
w h i l e  t h o s e  l a y e r s  a t  t h e  t o p  o f  t h e  d r y i n g  c o l u m n  w e r e  
u n d e r  d r i e d .  S a m p l e s  o f  r i c e  d r a w n  f r o m  s u c h  a m i x t u r e  o f  
r i c e  g e n e r a l l y  t e n d  t o  p r o d u c e  l o w h e a d  y i e l d s  wh e n  m i l l e d .  
A mu c h  l o n g e r  t i m e  p e r i o d  i s  r e q u i r e d  t o  d r o p  t h e  m o i s t u r e  
c o n t e n t  o f  t h e  r i c e  a t  t h e  e n d  o f  t h e  d r y i n g  p e r i o d  t h a n  t h e  
b e g i n n i n g ,  h e n c e  t h e  e f f e c t  o f  o v e r d r y i n g  a t  t h e  b o t t o m
l a y e r s  i s  d e t r i m e n t a l  f o r  m i l l i n g  y i e l d .
F r o m t h e  r e s u l t s  o b t a i n e d  on  e n e r g y  u t i l i z a t i o n  a n d  t h e
t r e n d  o b s e r v e d  i n  t h e  h e a d  r i c e  y i e l d s ,  t h e r e  i s  no
a d v a n t a g e  i n  r e c i r c u l a t i o n  o f  e x h a u s t  a i r .  A l s o  t h e  l o n g e r
r e s i d e n c e  t i m e  o f  t h e  r i c e  i n  t h e  d r y e r  wh e n  t h e  a i r  i s  
r e c i r c u l a t e d  i s  a  d i s a d v a n t a g e  i n  t e r m s  o f  e q u i p m e n t
u t i l i z a t i o n .
CHAPTER VI I
SUMMARY, CONCLUSIONS AND RECOMMENDATIONS 
7 . 1  SUMMARY
S i n g l e - l a y e r  d r y i n g  d a t a  f o r  l o n g  g r a i n  L a b o n n e t  
v a r i e t y  r o u g h  r i c e  w e r e  c o l l e c t e d  a n d  s t u d i e d  a s  f o l l o w s :
1 .  Low t e m p e r a t u r e  a n d  a i r  f l o w  r a t e  r e p r e s e n t i n g  on 
f a r m  d r y i n g :
T e m p e r a t u r e :  3 5 ,  4 5 ,  a n d  55 ° C
R e l a t i v e  h u m i d i t y :  3 0 ,  4 0 ,  5 0 ,  60  a n d  70%
A i r  f l o w  r a t e :  0 . 1 3 ,  0 . 2 3  a n d  0 . 3 3  m ^ / s / m ^
I n i t i a l  g r a i n  m o i s t u r e  c o n t e n t :  2 8 ,  33 a n d  38% ( d . b . ) .
2 .  H i g h  t e m p e r a t u r e  a n d  a i r  f l o w  r a t e  t o  r e p r e s e n t  
c o m m e r c i a l  f a r m  d r y i n g :
T e m p e r a t u r e :  5 5 ,  65  a n d  75 ° C
R e l a t i v e  h u m i d i t y :  3 0 ,  4 0 ,  5 0 ,  60 a n d  70%
A i r  f l o w  r a t e :  0 . 6 3  m ^ / s / m ^
I n i t i a l  g r a i n  m o i s t u r e  c o n t e n t :  2 8 ,  33 a n d  38% ( d . b . ) .
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F o u r  d i f f e r e n t  d r y i n g  m o d e l s  w e r e  e v a l u a t e d .  T h e  f i r s t  
t wo  m o d e l s  w e r e  b a s e d  on  t h e  s o l u t i o n  o f  t h e  d i f f u s i o n  
e q u a t i o n .  T h e  s e c o n d  t wo  w e r e  e m p i r i c a l  m o d e l s .  T h e  f i r s t  
e m p i r i c a l  m o d e l  wa s  o f  a  q u a d r a t i c  f o r m ,  w h i l e  t h e  s e c o n d  
e m p i r i c a l  m o d e l  wa s  d e v e l o p e d  i n  a f o r m  a n a l o g o u s  t o  t h e  
d i f f u s i o n  e q u a t i o n  a n d  a s s u m e s  a l i n e a r  d e p e n d e n c e  o f  t h e  
d r y i n g  c o n s t a n t  on  t h e  m o i s t u r e  c o n t e n t  a s  t h e  d r y i n g  
p r o c e e d s .
T h e  t w o - t e r m  e x p o n e n t i a l  f o r m  o f  t h e  d i f f u s i o n  m o d e l  
a n d  t h e  s e c o n d  e m p i r i c a l  m o d e l  w e r e  s e l e c t e d  a s  b e s t  m o d e l s .  
F o r  o n - f a r m  d r y i n g  c o n d i t i o n s ,  a g e n e r a l i z e d  f o r m  wa s  
d e v e l o p e d  f o r  b o t h  m o d e l s  by  u s i n g  n o n - l i n e a r  r e g r e s s i o n  
t e c h n i q u e s .  F o r  c o m m e r c i a l  d r y i n g  c o n d i t i o n s ,  a g e n e r a l i z e d  
m o d e l  o f  t h e  s e c o n d  e m p i r i c a l  m o d e l ,  o n l y ,  wa s  d e v e l o p e d .  
T h e s e  g e n e r a l i z e d  m o d e l s  a r e  s u m m a r i z e d  b e l o w ,  a p p l i c a b l e  t o  
t h e  r a n g e s  o f  i n i t i a l  m o i s t u r e  c o n t e n t ,  t e m p e r a t u r e ,  
r e l a t i v e  h u m i d i t y ,  a n d  a i r  f l o w  r a t e  s t u d i e d .
O n - f a r m  d r y i n g  c o n d i t i o n s  
Two T e r m  E m p i r i c a l  M o d e l :
_ ]/■ f — \r f
M = A e 1 + A2 2 + A3
w h e r e
= 0 . 0 4 7 1 1  + 0 . 0 0 4 6 2  M + 0 . 0 0 0 7 4 5 9  T -  0 . 0 0 1 1 0 8 0 3  RH
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k = 0 . 0 0 0 2 5 5  -  0 . 0 0 0 1 0 9 5  M + 0 . 0 0 0 2 8 2 5  T 
-  0 . 0 0 0 0 5 3 7  RH + 0 . 0 0 0 0 1 1 9 5  Q 
A2 = - 0 . 0 3 7 0 5 1  + 0 . 0 0 2 4 9 9 8  M + 0 . 0 0 0 2 3 0 3  T 
- 0 . 0 0 0 1 8 5 8  RH -  0 . 0 0 0 1 8 5 9  Q
k 2 = 0 . 0 4 3 3 9  + 0 . 0 0 1 3 2 8  T - 0 . 0 0 0 9 0 6 5  RH + 0 . 0 0 0 5 7  Q
A3 = 0 . 0 3 5 2 9  + 0 . 0 0 1 3 4 4  M -  0 . 0 0 0 8 1 5 9  T + 0 . 0 0 1 3 5 6  RH
S e c o n d  E m p i r i c a l  M o d e l :
t  = 1n ( A)  -  1 n ( M)
BM + C
whe  r e
A = 0 . 0 0 7 1 3 5  + 0 . 0 0 8 1 9 9 8  M + 0 . 0 0 1 3 9 2 4  T -  0 . 0 0 0 1 5 1  RH
-  0 . 0 0 0 1 6 3  Q
B = - 0 . 0 1 3 2 4 4  -  0 . 0 0 0 6 5 4  M + 0 . 0 0 1 7 9 1 5  T -  0 . 0 0 0 2 6 3  RH
C = 0 . 0 0 1 9 5 2  + 0 . 0 0 0 0 3 8 6  M -  0 . 0 0 0 0 6 0 4 3  T
-  0 . 0 0 0 0 3 5 4 6  RH
C o m m e r c i a l  d r y i n g  c o n d i t i o n s  
S e c o n d  E m p i r i c a l  M o d e l :  
t  = 1n ( A)  -  1n ( M)
BM + C
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w h e r e
A = 0 . 3 0 4 5  + 0 . 0 2 5 4  M -  0 . 0 1 7 7 3  T + 0 . 0 0 0 3 1  RH 
-  0 . 0 0 0 2 6 5  M2 + 0 . 0 0 0 1 4 4  T 2
B = 1 . 2 2 9 5  -  0 . 0 4 2 9 3  T + 0 . 0 0 1 3 5  RH + 0 . 0 0 0 3 6 8  T 2
C = 0 . 0 1 0 6 8  -  0 . 0 0 0 2 5 4  RH -  0 . 0 0 0 0 0 9 9 2  M2 
+ 0 . 0 0 0 0 0 3 8  T 2
whe  r e
M = M o i s t u r e  c o n t e n t  a t  t i m e  ( t ) ,  % ( d . b . )
T = A i r  t e m p e r a t u r e ,  ° C
RH = A i r  r e l a t i v e  h u m i d i t y ,  %
3 2Q = A i r  f l o w  r a t e ,  m / s / m
t  = T i m e , m i n .
T h e  e f f e c t  o f  d r y i n g  c o n d i t i o n s  o f  t h e  a i r  i n c l u d i n g  
t e m p e r a t u r e ,  r e l a t i v e  h u m i d i t y  a n d  f l o w  r a t e  on  t h e  d r y i n g  
r a t e  a n d  t h e  i n i t i a l  g r a i n  m o i s t u r e  c o n t e n t  wa s  a l s o  
i n v e s t i g a t e d .  T h e  t e m p e r a t u r e ,  r e l a t i v e  h u m i d i t y  o f  d r y i n g  
a i r  a n d  i n i t i a l  g r a i n  m o i s t u r e  c o n t e n t  s h o w e d  s i g n i f i c a n t  
e f f e c t s  on t h e  d r y i n g  r a t e .  T h e  a i r  f l o w  r a t e  h a d  no 
s i g n i f i c a n t  e f f e c t  on  d r y i n g  r a t e .
S i m u l a t i o n  o f  a d e e p - b e d  m o d e l  wa s  d e v e l o p e d  t o  p r e d i c t  
t h e  d r y i n g  a n d  g r a i n  c o n d i t i o n s .  T h e  o b s e r v e d  r e s u l t s  o f  t h e  
e x p e r i m e n t  a n d  t h e  p r e d i c t e d  r e s u l t s  o f  t h e  g e n e r a l i z e d  
e m p i r i c a l  m o d e l s  w e r e  c o m p a r e d .  T h e  m o d e l s  i n  g e n e r a l  t e n d e d  
t o  u n d e r p r e d i c t  t h e  m o i s t u r e  c o n t e n t ;  h o w e v e r  t h e  s e c o n d
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e m p i r i c a l  m o d e l  s h o w e d  b e t t e r  r e s u l t s  t h a n  t h e  t wo  t e r m  
e x p o n e n t i a l  m o d e l .  T h e s e  m o d e l s  o v e r p r e d i c t e d  t h e  d r y i n g  
t e m p e r a t u r e  i n  t h e  d e e p  b e d  s i t u a t i o n .
R e c i r c u l a t i o n  o f  t h e  e x h a u s t  a i r  wa s  s t u d i e d  a n d  t h e  
e f f e c t s  o f  r e c i r c u l a t i n g  t h i s  h i g h  h u m i d i t y  a i r  on  d r y i n g  
e f f i c i e n c y  a n d  t h e  m i l l i n g  y i e l d s  w e r e  e v a l u a t e d .  T h e  
r e s u l t s  i n d i c a t e d  a h i g h e r  e n e r g y  r e q u i r e m e n t  f o r  d r y i n g  a s  
t h e  h u m i d i t y  r a t i o  o f  t h e  a i r  i n c r e a s e d .  T h e  d i f f e r e n c e s  i n  
h e a d  r i c e  y i e l d s  w i t h  n o n - r  e c  i r c u  1 a  t e d  a i r  a n d  t h e  l o w 
r e c y c l e  r a t i o  a i r  a r e  s m a l l .
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7 . 2  CONCLUSIONS
T h e  f o l l o w i n g  c o n c l u s i o n s  w e r e  d r a w n  f r o m  t h i s  s t u d y :
1 .  T h e  d r y i n g  e q u i p m e n t  a n d  a u t o m a t i c  d a t a  
a c q u i s i t i o n  s y s t e m  c a n  b e  s u c e s s f u l l y  o p e r a t e d  a n d  
c o n  t r o l l e d .
2 .  T h e  t e m p e r a t u r e  a n d  h u m i d i t y  o f  d r y i n g  a i r  a n d  
i n i t i a l  g r a i n  m o i s t u r e  c o n t e n t  a r e  s i g n i f i c a n t l y  a s s o c i a t e d  
w i t h  t h e  d r y i n g  r a t e .  T h e  a i r  f l o w  r a t e  h a s  n o  s i g n i f i c a n t  
e f f e c t  on  t h e  d r y i n g  r a t e .
3 .  T h e  t wo t e r m  e x p o n e n t i a l  m o d e l  p r o v i d e s  b e t t e r
r e s u l t s  t h a n  t h e  s i n g l e  t e r m  e x p o n e n t i a l  m o d e l  i n  p r e d i c t i n g
d r y i n g  r a t e  f o r  l o w t e m p e r a t u r e  d r y i n g .  H o w e v e r  f o r  h i g h
t e m p e r a t u r e  d r y i n g ,  t h e  c h o i c e  o f  t h e  m o d e l s  wa s  n o t  a s  
d e f i n i t e .  B o t h  m o d e l s  p r e d i c t e d  e q u a l l y  w e l l .
4 .  T h e  p r o p o s e d  e m p i r i c a l  m o d e l  i s  b e t t e r  s u i t e d
t h a n  t h e  q u a d r a t i c  m o d e l .
5 .  I n  t h e  d e e p  b e d  s i m u l a t i o n ,  t h e  m o i s t u r e  c o n t e n t  
i s  u n d e r  p r  e d  i c t e d  b y  b o t h  t h e  e x p o n e n t i a l  a s  w e l l  a s  t h e  
e m p i r i c a l  m o d e l s .  T h e  e m p i r i c a l  m o d e l  p r o p o s e d  i n  t h e  s t u d y  
i s  b e t t e r  s u i t e d  f o r  t h e  p r e d i c t i o n  o f  m o i s t u r e  c o n t e n t s .
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6 .  I n  t h e  d e e p  b e d  s i m u l a t i o n ,  t h e  p r e d i c t e d  a i r  
t e m p e r a t u r e  u s i n g  b o t h  m o d e l s  a r e  h i g h e r  t h a n  t h e  o b s e r v e d  
v a l u e s ,  a n d  t h e  l a r g e s t  d i f f e r e n c e  i s  f o r  t h e  t o p  l a y e r s .
7 .  T h e  e n e r g y  t o  r e m o v e  t h e  g r a i n  m o i s t u r e  i n c r e a s e s  
w i t h  a n  i n c r e a s e  i n  t h e  e x h a u s t  a i r  r e c y c l i n g  r a t i o .  B a s e d  
on  t h e  t r e n d  o b s e r v e d  i n  e n e r g y  u t i l i z a t i o n  a n d  m i l l i n g  
y i e l d ,  t h e r e  i s  no  a d v a n t a g e  i n  r e c i r c u l a t i o n  o f  e x h a u s t  
a i r .
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7 . 3  RECOMMENDATIONS FOR FURTHER STUDY
T h e  f o l l o w i n g  r e c o m m e n d a t i o n s  a r e  ma d e  f o r  f u r t h e r  
i n v e s t i g a t i o n :
1 .  T h e  d i f f e r e n c e  i n  t h e  u s e  o f  t h e  s i n g l e - l a y e r  
d r y i n g  e q u a t i o n  a n d  t h e  t h i n - l a y e r  d r y i n g  e q u a t i o n  i n  d e e p  
b e d  s i m u l a t i o n  m o d e l s  s h o u l d  b e  i n v e s t i g a t e d .
2 .  S i m u l a t i o n  o f  t h e  c o m m e r c i a l  d r y i n g  c o n d i t i o n s  
i n  a  c o n t i n o u s  d r y e r  by u s i n g  t h e  g e n e r a l i z e d  m o d e l  p r o p o s e d  
i n  t h i s  s t u d y  s h o u l d  be  s t u d i e d .
3 .  A t e c h n i q u e  t o  m e a s u r e  t h e  m o i s t u r e  c o n t e n t  o f  
g r a i n  w i t h o u t  r e m o v i n g  g r a i n  s a m p l e s  i n  t h e  d e e p  b e d  d r y e r  
s h o u l d  b e  d e t e r m i n e d .
4 .  S t i r r i n g  d e v i c e  e f f e c t s  on  d r y i n g  r a t e s  i n  t h e  
m o d e l  s h o u l d  be  i n v e s t i g a t e d  a n d  v a l i d a t e d  by  e x p e r i m e n t a l  
d a t a .
5 .  T h e  e f f e c t s  o f  d i f f e r e n t  d r y i n g  m a n a g e m e n t  
p r a c t i c e s  s h o u l d  b e  s t u d i e d  a n d  m o d e l e d  t o  d e t e r m i n e  t h e  
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e q u i l i b r i u m  m o i s t u r e  f o r  g r a i n .  ASAE P a p e r  No.  
7 6 - 3 5 2 0 ,  ASAE, S t .  J o s e p h ,  MI 4 9 0 8 5 .
R o b e r t s ,  D.  E.  a n d  D.  B.  B r o o k e r .  1 9 7 5 .  G r a i n  d r y i n g
w i t h  r e c i r c u l a t i o n .  T r a n s a c t i o n s  o f  t h e  ASAE 1 8 ( 1 ) :  
1 8 1 - 1 8 4 .
R o s s ,  I .  J .  a n d  G.  M.  W h i t e .  1 9 7 2 .  T h i n - l a y e r  d r y i n g  
c h a r a c t e r i s t i c s  o f  w h i t e  c o r n .  T r a n s a c t i o n s  o f  t h e  
ASAE 1 5 ( 1 ) : 1 7 5 —1 7 6 -
S a b b a h ,  M. A . ,  G.  A.  M e y e r ,  H.  M. K e e n e r  a n d  W. L.  
R o l l e r .  1 9 7 9 .  S i m u l a t i o n  s t u d i e s  o f  r e v e r s e d - a i r  
f l o w  d r y i n g  m e t h o d  f o r  s o y b e a n  s e e d  i n  a f i x e d  b e d .  













S h a r m a ,  A.  D . ,  O.  E .  K u n z e  a n d  H.  D.  T o l l e y .  1 9 8 2 .
R o u g h  r i c e  d r y i n g  a s  a t w o - c o m p a r t m e n t  m o d e l .  
T r a n s a c t i o n s  o f  t h e  ASAE 2 5 (  1 ) : 2 2 1 - 2 2 4  .
S h a r a f - E l d e e n , Y.  I . ,  M.  Y.  Ha mdy ,  H.  M.  K e e n e r  a n d  
J .  L.  B l a i s d e l l .  1 9 7 9 .  M a t h e m a t i c a l  d e s c r i p t i o n  o f  
d r y i n g  f u l l y  e x p o s e d  g r a i n s .  ASAE P a p e r  No.  7 9 - 3 0 3 4 ,  
ASAE, S t .  J o s e p h ,  MI 4 9 0 8 5 .
S h a r a f - E l d e e n , Y.  I .  a n d  M.  Y.  H am dy .  1 9 7 9 .  F a l l i n g
r a t e  d r y i n g  o f  f u l l y  e x p o s e d  b i o l o g i c a l  m a t e r i a l s :  A 
r e v i e w  o f  m a t h e m a t i c a l  m o d e l .  ASAE P a p e r  No.
7 9 - 6 5 2 2 ,  ASAE, S t .  J o s e p h ,  MI 4 9 0 8 5 .
S h e r w o o d ,  T.  K.  1 9 3 1 .  A p p l i c a t i o n  o f  t h e o r e t i c a l  
d i f f u s i o n  e q u a t i o n  t o  t h e  d r y i n g  o f  s o l i d s .  
T r a n s a c t i o n s  A m e r i c a n  I n s t i t u e  C h e m i c a l  E n g i n e e r s  
2 7 : 1 9 0 - 2 0 2 .
S i m m o n d s ,  W. H . , G.  T.  Wa r d  a n d  E.  M c E w e e n .  1 9 5 3 .  T h e  
d r y i n g  o f  w h e a t  g r a i n .  P a r t  I :  T h e  m e c h a n i s m  o f  
d r y i n g .  T r a n s a c t i o n s  A m e r i c a n  I n s t i t u e  C h e m i c a l  
E n g i n e e r s  3 1 : 2 6 5 - 2 7 8 ;  P a r t  I I :  T h r o u g h - d r y i n g  o f  
d e e p  b e d s .  T r a n s a c t i o n s  A m e r i c a n  I n s t i t u e  C h e m i c a l  
E n g i n e e r s  3 1 : 2 7 9 - 2 8 8 .
S o k h a n s a n j ,  S .  a n d  F .  W. S o s u l s k i .  1 9 8 1 .  D r y i n g
p e r f o r m a n c e  a n d  g r a i n  q u a l i t y  i n  r e c i r c u l a t i n g  g r a i n  
d r y e r .  ASAE P a p e r  No.  8 1 - 6 5 1 7 ,  ASAE, S t .  J o s e p h ,
MI 4 9 0 8 7 .
S p a t h ,  H.  1 9 6 7 .  T h e  D am ped  T a y l o r ' s  s e r i e s  m e t h o d  f o r  
m i n i m i z i n g  a  s um o f  s q u a r e s .  C o m m u n i c a t i o n  o f  t h e  
ACM 1 1 ( 1 0 ) : 7 2 6 - 7 2 8 .
S t e f f e .  J .  F .  a n d  R.  P .  S i n g h .  1 9 7 9 .  L i q u i d  d i f f u s i o n  
o f  r o u g h  r i c e  c o m p o n e n t s .  ASAE P a p e r  No.  7 9 - 6 0 0 5 ,  
ASAE, S t .  J o s e p h ,  MI 4 9 0 8 7 .
T h o m p s o n ,  T.  L . , R.  M.  P e a r t  a n d  G.  H.  F o s t e r .  1 9 6 8 .  
M a t h e m a t i c a l  s i m u l a t i o n  o f  c o r n  d r y i n g :  a ne w m o d e l .  
T r a n s a c t i o n s  o f  t h e  ASAE 1 1 ( 2 ) : 5 8 2 - 5 8 6 .
T h o m p s o n ,  T.  L.  a n d  R.  M.  P e a r t .  1 9 6 6 .  U s e f u l  s e a r c h  
t e c h n i q u e s  t o  s a v e  r e s e a r c h  t i m e .  ASAE P a p e r  No.  
6 6 - 5 1 2 ,  ASAE, S t .  J o s e p h ,  MI 4 9 0 8 5 .
T h o m p s o n ,  T.  F .  1 9 7 2 .  T e m p o r a r y  s t o r a g e  o f  h i g h
m o i s t u r e  s h e l l e d  c o r n  u s i n g  c o n t i n u o u s  a e r a t i o n .  














T r o e g e r ,  J .  M.  a n d  W. V.  H u k i l l .  1 9 7 1 .  M a t h e m a t i c a l  
d e s c r i p t i o n  o f  t h e  d r y i n g  r a t e  o f  f u l l y  e x p o s e d  
c o r n .  T r a n s a c t i o n s  o f  t h e  ASAE 1 4 (  6 ) : 1 1 5 2 - 1  162 .
Van  A r s d e l ,  W. B.  1 9 4 7 .  A p p r o x i m a t e  d i f f u s i o n
c a l c u l a t i o n s  o f  t h e  f a l l i n g - r a t e  p h a s e  o f  d r y i n g .  
T r a n s a c t i o n s  A m e r i c a n  I n s t i t u e  C h e m i c a l  E n g i n e e r s  
4 7 ( 1 ) :  1 3 - 2 4 .
Va n  R e s t ,  D.  a n d  G.  W. I s a a c s .  1 9 6 6 .  E x p o s e d - 1 a y e r  
d r y i n g  r a t e s  o f  s m a l l  g r a i n s .  T r a n s a c t i o n s  o f  t h e  
ASAE 9 ( 2 ) : 6 8 8 - 6 8 9 .
Wa n g ,  C.  Y.  1 9 7 8 .  S i m u l a t i o n  o f  t h i n - l a y e r  a n d  d e e p - b e d  
d r y i n g  o f  r o u g h  r i c e .  P h .  D.  D i s s e r t a t i o n ,
U n i v e r s i t y  o f  C a l i f o r n i a ,  D a v i s ,  CA.
W e s t e r m a n ,  P .  W . , G.  M. W h i t e  a n d  I .  J .  R o s e .  1 9 7 3 .  
R e l a t i v e  h u m i d i t y  e f f e c t  on  t h e  h i g h  t e m p e r a t u r e  
d r y i n g  o f  s h e l l e d  c o r n .  T r a n s a c t i o n s  o f  ASAE 1 6 ( 6 ) :
1 1 3 6 - 1  139 .
W h i t a k e r ,  T.  B . , H.  J .  B a r r e  a n d  M.  Y.  Hamdy.  1 9 6 9 .
T h e o r e t i c a l  a n d  e x p e r i m e n t a l  s t u d i e s  o f  d i f f u s i o n  i n  
s p h e r i c a l  b o d i e s  w i t h  a  v a r i a b l e  d i f f u s i o n  
c o e f f i c i e n t .  T r a n s a c t i o n s  o f  ASAE 1 2 ( 5 )  : 6 6 8  — 6 7 2 .
W h i t a k e r ,  T.  B.  a n d  J .  H.  Y o u n g .  1 9 7 2 .  S i m u l a t i o n  o f  
m o i s t u r e  m o v e m e n t  i n p e a n u t  k e r n e l s :  e v a l u a t i o n  
o f  t h e  d i f f u s i o n  e q u a t i o n .  T r a n s a c t i o n s  o f  t h e  
ASAE 1 5 ( 1 ) : 1 6 3 - 1 6 6 .
W h i t e ,  G.  M . , I .  J .  R o s s  a n d  C .  G.  P o n e l e i t .  1 9 8 1 .
F u l l y  e x p o s e d  d r y i n g  o f  p o p c o r n .  T r a n s a c t i o n s  o f  t h e  
ASAE 2 4 ( 2 ) : 4 6 6 - 4 6 8 .
W r a t t e n ,  F .  T . , W. D.  P o o l e ,  J .  L.  C h e s n e s s ,  S .  B a 1 a n d  
V.  R a m a r a o .  1 9 6 9 .  P h y s i c a l  a n d  t h e r m a l  p r o p e r t i e s  o f  
r o u g h  r i c e .  T r a n s a c t i o n s  o f  t h e  ASAE 1 2 ( 6 ) : 8 0 1 - 8 0 3  .
Y o u n g ,  J .  H.  a n d  T. B.  W h i t a k e r .  1 9 7 1 .  E v a l u a t i o n  o f  
t h e  d i f f u s i o n  e q u a t i o n  f o r  d e s c r i b i n g  t h i n - l a y e r  
d r y i n g  o f  p e a n u t s  i n  t h e  h u l l .  T r a n s a c t i o n s  o f  t h e  
ASAE 1 4 ( 2 ) : 3 0 9 - 3 1 2 .
Y o u n g ,  J .  H.  a n d  T .  B.  W h i t a k e r .  1 9 7 1 .  N u m e r i c a l
a n a l y s i s  o f  v a p o r  d i f f u s i o n  i n  a p o r o u s  c o m p o s i t e  
s p h e r e  w i t h  c o n c e n t r i c  s h e l l s .  T r a n s a c t i o n s  o f  t h e  
ASAE 1 4 ( 6 ) : 1 0 5 1 - 1 0 5 7 .
Y o u n g ,  H.  J .  1 9 8 3 .  E n e r g y  c o n s e r v a t i o n  by p a r t i a l  
r e c i r c u l a t i o n  o f  p e a n u t  d r y i n g  a i r .  T r a n s a c t i o n s  
o f  t h e  ASAE 27 ( 3 ) : 9 2 8 - 9 3 4 .
139
7 1 .  Z u r i t z ,  C .  A . ,  R.  P .  S i n g h ,  S .  M.  M o i n i  a n d  S .  M.
H e n d e r s o n .  1 9 7 8 .  D e s o r p t i o n  i s o t h e r m  o f  r o u g h  r i c e  
f r o m  10 ° C  t o  80  ° C .  T r a n s a c t i o n s  o f  t h e  
ASAE 2 2 (  2 ) : 4  3 3 - 4  36 .
A p p e n d i x  A
L i s t i n g  o f  D a t a  A c q u i s i t i o n  P r o g r a m
1^0
1 4 1
IStS-II PL/H-80 V3.1 COMPILATION o f  m o d u l e  m a i n  
OPJECT MODULE PLACED IN MAIN.OBJ
COMPILER INVOKED BY.’ :Fi:PLH80 MAIN.SRC PAGELENGTH(50)
IS
* /
m a i n : d o ;
/* THIS IS THE MAIN ROUTINE OF A PROGRAM WHICH:
1) CALLS THE INITIALIZATION PROCEDURE FOR THE B259sAND 8253.
2) CYCLES IN A LOOP. WAITING TO BE INTERRUPTED BY THE REAL-TIME 
CLOCK. WITHIN THE LOOP. A VALUE (COUNT) IS INCREMENTED. TH
VALUE IS OUTPUT TO THE CO WHENEVER THE 8253 TIMES OUT.
2 1 DECLARE EOI BYTE DATA(20H))
3 I DECLARE COUNT BYTE INITIAL(O);
4 1 DECLARE (LOWBYTE.HIGHBYTE) BYTE?
5 1 DECLARE (ACTUAL.STATUS) ADDRESS)
6 1 DECLARE I ADDRESS INITIAL (OOOOH))
7 1 DECLARE SYSPICOCW LITERALLY 'OFCH')
8 1 DECLARE PITDATAPORT LITERALLY '0F2H';
9 1 DECLARE (MASKSTATUS.MASKCOMMAND) BYTE)
10 1 DECLARE (MC. FINAL.NEXTT.DT.NEXTR) BYTE)
11 1 DECLARE (HOUR.MIN,SEC) BYTE INITIAL(O.O.O);
1? 1 DECLARE (POLLEDWORD,HIGHPOLLEDWORD.LOWPOLLEDWORD) BYTE?
13 1 FQOGO: PROCEDURE EXTERNAL)
14 2 END FGOGO)
15 1 FTCHEC: PROCEDURE(PARM1,PARM2,PARM3) EXTERNAL)
IS 2 DECLAR£(PARM1.PARM2.PARM3) BYTE)
17 2 END FTCHEC)
18 1 FOOEND: PROCEDURE EXTERNAL)
19 2 END FOOEND)
20 1 FORT: PROCEDURE(PARM1.PARM2.PARM3.PARM4) EXTERNAL)
21 2 DECLARE (PARM1,PARM2,PARM3,PARM4) ADDRESS)
27 2 END FORT)
23 1 GETDAT: PROCEDURECPARM1.PARM2.PARM3) EXTERNAL)
24 2 DECLARE (PARM1,PARM2,PARM3) ADDRESS)
25 2 END GETDAT)
26 1 DELTA: PROCEDURE(PARM1,PARM2,PARM3,PARM4) EXTERNAL)
27 2 DECLARE (PARM1,PARH2,PARM3,PARM4) ADDRESS)
28 2 END DELTA)
29 1 FTCLOS: PROCEDURE(FILENUMBER) EXTERNAL)
l U - 2
30 2 DECLARE(FILENUMBER) ADDRESS?
31 2 -END FTCLOS? ---
32 1 CO: PROCEDURE (CHAR) EXTERNAL?
33 2 DECLARE CHAR BYTE?
34 2 END CO?
35 1 READ.* PROCEDURE(AFTN, BUFFER, COUNT, ACTUAL. STATUS) EXTERNAL?
3F 2 DECLARE(AFTN,BUFFER,COUNT. ACTUAL.STATUS) ADDRESS?
37 2 END READ?
38 1 
ISTER*/
r e l o a d : p r o c e d u r e ; /«t h i s  p r o c e d u r e  r e l o a d s  t h e PIT COUNT
39 2 OUTPUT(PITDATAPORT) « LOHBYTE?
40 2 OUTPUT(PITDATAPORT) = HIGHBYTE?





/# THIS MODULE SHOULD BE CALLED WHEN THE USES HANTS TO ENABLE THE REA
CLOCK INTERRUPT CAPABILITY IN THE INTELLEC SERIES II.
THE ICUs (Initialization Coaaand Words) ARE ISSUED TO THE 0259s BY
SERIES II MONITOR AT BOOT-UP. THIS MODULE ISSUES OCHs (Operation
Words) TO THE 8259s AND ALSO PROGRAMS THE 8253. THIS IS DONE IN T
s t e p s :
1) ENABLE INTERRUPT 4 OF THE LOCAL PIC(8259).
2) ENABLE INTERRUPT 7 OF THE SYSTEM PIC(8259).
3) PROGRAM THE PIT(8253) AND LOAD THE TIMER COUNT. */
42 i rtcinit: procedure;
43 2 DECLARE LOCPICOCH LITERALLY 'OFAH'J
41 2 DECLARE PITCMNDPORT LITERALLY '0F3H';
45 Z DECLARE PITCONTROLMORD BYTE DATA(OBOH)I
4E 2 DECLARE M4MASK BYTE DATA(OEFH)J
47 2 DECLARE M7MASK BYTE DATA(07FH)J
49 2 MASKSTATUS * INPUT(LOCPICOCH); / * ENSURE BIT M4 OF LO
CA'. */
49 2 MASKCOMMAND = MASKSTATUS AND M4MASK? /* PIC IS CLEARE
D */
50 2 OUTPUT(LOCPICOCH > = MASKCOMMAND?
51 2 MASKSTATUS « INPUT(SYSPICOCW) ", / •  LIKEWISE CLEAR BIT
M7 */
52 2 MASKCOMMAND * MASKSTATUS AND M7MASK? /* OF THE SYSTEM
PIC */
53 2 OUTPUT(SYSPICOCH) * MASKCOMMAND?
54 2 OUTPUT(PITCMNDPORT) = PITCONTROLWORD?
/* CONFIGURE THE 8253 FOR?
1) COUNTER 92
2) LOAD LSB 1ST. MSB 2ND.





55 2 OUTPUT(PITDATAPORT>*LOWBYTE;/*LOW ORDER BYTE OF TIMER
COUNT*/
56 2 OUTPUT(PITDATAPORT)SHIGHBYTE*/*HI ORDER BYTE OF TIMER
COUNT*/
57 2 e n a b l e ;
5t> 2 END RTCINIT;
/* THE INTERRUPT SERVICE ROUTINE FOR INTERRUPT 7 FOLLOWS. THIS ROUTI
NT
DETERMINES WHETHER THE INTERRUPT WAS CflUSED BY THE 8253. IF NOT,
THLN
THE INTERRUPTING DEVICE MUST BE SERVICED. IF THE B253 WAS THE SOU
RLE
OF THE INTERRUPT, THEN IT MAY BE RESTARTED WND THE B259s REINITIAL
I?ED */
59 1 INTERRUPT7I PROCEDURE INTERRUPT 71
BO 2 DECLARE LOCOCW2PORT LITERALLY 'OFBH'J
61 2 DECLARE L0C0CW3P0RT LITERALLY 'OFBH ' i
62 2 DECLARE SYSOCW2PORT LITERALLY 'OFDH';
69 2 DECLARE PQLLPORT LITERALLY 'OFBH';
64 2 DECLARE 0CW3 BYTE DATA(OFH);
65 2 DECLARE POLLEDWORDMASK BYTE DATA(OFH);
60 2 DECLARE INT4MASK BYTE DATA(B4H);
6 V 2 OUTPUT(L0COCW3PORT) * 0CW3;
60 2 POLLEDWORD = INPUT(POLLPORT);
60 2 COUNT * COUNT ♦ 1?
70 2 IF COUNT = 20 THEN DO!
72 3 c o u n t  * o;
73 3 SEC « SEC ♦ i;
74 3 IF SEC = 60 THEN DO;
76 4 s e c  * o;
7/ 4 MIN * MIN + i;
79 4 IF MIN * 60 THEN DO?
BO 5 MIN = o;
81 5 HOUR = HOUR + I?
82 5 IF HOUR = 2 4  THEN
84 6 h o u r  = o;
85 6 e n d ;
86 5 e n d ;
87 4 e n d ;
80 3 e n d ;
89 2 c a l l  r e l o a d ;
90 2 OUTPUT(LOCOCW2PORT) « E O K
91 2 OUTPUT(SYS0CW2P0RT) * EOi;
92 2 e n a b l e ;
93 2 END INTERRUPT7I
/ •  HERE'S THE MAIN PROGRAM: • /
94 1 LOWBYTE = OOH;
3b 1 HIGHBYTE * OFOHJ
96 1 c a l l  r t c i n i t ;
97 1 CALL FGOGO;
9G 1 CALL FORT!.HOUR,.MIN,.SEC,.FINAL);
9G 1 DT * i;
100 1 CALL DELTA!.HOUR,.MIN,.I,.DT);
101 1 CALL GETDAT!.HOUR,.MIN,.HOJ
102 1 DO WHILE I <= 90;
103 2 IF SEC > 54 THEN DO)
105 3 CALL GETDAT!.HOUR,.MIN,.MC>;
106 3 e n d :
107 2 IF <SEC > 29) AND (SEC < 31) THEN DO?
109 3 CALL DELTA!.HOUR,.MIN,.I,.DT)?
110 3 e n d ;
111 2 end;
112 1 NEXTT * MIN + 7;
113 1 DT * 5 ;
114 1 NEXTR * MIN + 4;
115 1 - -00-WHILE HC > FINAL?
116 2 IF NEXTR > 60 THEN DO;
118 3 NEXTR « NEXTR - 6 0 1
119 3 e n d :
120 2 IF NEXTT >= 60 THEN DO!
122 3 NEXTT * NEXTT - 60;
123 3 e n d :
124 2 IF (MIN * NEXTT) AND (SEC = 30) THEN DO?
126 3 CALL DELTA!.HOUR,.MIN,.I,.DT);
127 3 e n d ;
178 2 IF ((MIN ♦ 1) * NEXTR) AND (SEC = 59) THEN
130 3 NEXTT = MIN «■ 2;
131 3 NEXTR * NEXTR + DT;
132 3 CALL GETDAT(.HOUR,.MIN,.MC>;
133 3 e n d ;
134 2 e n d ;
135 1 CALL FTCL0S(7);
136 1 CALL f q o e n d ;
137 1 e n d  m a i n ;
m o d u l e  i n f o r m a t i o n :
CODE AREA SIZE * 01C1H 449D
VARIABLE AREA SIZE * 0016H 22D
MAXIMUM STACK SIZE * OOOAH 10D
166 LINES READ 
0 PROGRAM ERROR(S)
END OF PL/M-BO COMPILATION
1^5
ISiS-II FORTRAN-00 V2.1 COMPILATION OF PROGRAM UNIT FORT 
OBJECT MODULE PLACED IN BOARD.OBJ











11 COMMON /SUBS/ FACTOR,LOTEMP.DRYHT,COVERT,FULOAD.HTSTRT.MCSTRT.CURRM
12 COMMON /FILES/ DRIVE,NAME
13 EQUIVALENCE (FILNAM,DRIVE)
14 DATA DRIVE/'.'FO.''/
15 GAIN * 0
IB HITEMP « 3.0000
17 LOTEMP * -2.29
IB FACTOR = (HITEMP - L0TEMP)/100
19 CALL OUTPUT(40A7H.I0080H)
20 WRITE(6,»)'ENTER TODAYS DATE'
21 READ(3,3)DATE
27 3 FORMAT(2A20)
23 WRITE(6,*)'PUT MINIMAL SAMPLE WEIGHT ON LOAD CELL, THEN'
24 WRITE<6,*>'ENTER MINIMAL SAMPLE WEIGHT IN GRAMS'
25 READ(5,»)WTEND
2B CHANEL = 1
27 TOTAL * 0
29 DO 5 J « 1,100
29 CALL READBD(READNG)
30 TOTAL « TOTAL ♦ READNG
31 5 CONTINUE
32 LOVOLT * TOTAL / 100
33 WRITE(6.*>'PUT MAXIMUM SAMPLE HEIGHT ON LOAD CELL, THEN'
34 WRITE(6,*)'ENTER MAXIMUM SAMPLE WEIGHT IN GRAMS'
35 READ(5,*)WTSTRT
36 TOTAL « 0
37 DO 0 J * 1,100
30 CALL READBD(READNG)
39 TOTAL * TOTAL + READNG
40 8 CONTINUE
41 FULOAD = TOTAL / 100
1^6
42 COVERT = (FULOAD - LOVOLT) / (HTSTRT - HTEND)
43 HRITE(6,*)'ENTER INITIAL MOISTURE CONTENT IN DECIMAL FORM'
44 HRITEIG.*) ' i . e.  23X « .23 '
45 READ(5r*)MCSTRT
46 HRITE<6,*>'ENTER DESIRED FINAL MOISTURE CONTENT'
47 READ(5,*)FINAL
4E H201 * HTSTRT * MCSTRT
49 DRYHT = HTSTRT - H201
50 HRITE(6»*)'ENTER DESIRED DRY BULB TEMP, DESIRED RH, AND RUN #'
51 HRITE<6,*>'EXAMPLE 35901 FOR 35C DRY BULB, 90 RH, AND FIRST RUN'
5/ READ(5,10)NAME
53 10 FORMAT(2A5)
54 HRITE(6,*)'ENTER TIME IN 24 HOUR SYSTEM, ENTER HOUR AND MINUTES'
55 READ(5,*)HOUR,MIN








64 50 FORMAT(5X,'TIME ' ,4X, '2MC' »2X,'DELT MC ' ,3X, 'AIR' ,4X, 'LOAD')
65 100 F0RMAT(28X,'SPEED',2X,'CELL')
60 N = 0
67 MCSTRT * MCSTRT * 100
60 CURRMC * MCSTRT
65 RETURN
70 END
Mo d u l e  i n f o r m a t i o n :
CODE AREA SIZE * 0700H 1792D
VARIABLE AREA SIZE = 0071H 113D
MAXIMUM STACK SIZE = 0008H BD
70 LINES READ
0 PROGRAM ERROR(S) IN PROGRAM UNIT FORT
IS IS-11 FQRTRAN-80 V2.1 COMPILATION OF PROGRAM UNIT GETDAT 
OBJECT MODULE PLACED IN BOARD.OBJ






































INTEGER*1 GAIN r CHANEL.VALUE,HOUR,HIN,MCCUR
REAL TEMP < 4 >,READNG(2),TOTAL(6),AVERAG(7 > rLOTEHP.MCSTRT
COMMON CHANEL,GAIN,RESULT
COMMON /DELT/ AVERAG
COMMON /SUBS/FACTOR r LOTEHP,DRYHT,COVERT,FULOADr HTSTRT,MCSTRT,CURRMC 
K = 100 
DO 123 I *1,6
TOTAL!I) * 0
125 CONTINUE
DO 400 I * l.K
DO 150 J ® 1,2
CHANEL * J - 1
CALL READBD(R£ADNG(J>)
150 CONTINUE
C CHANEL * 7
C DO 200 J = 1,4
C VALUE « J - 1
C CALL OUTPUT(40A5H,VALUE)
C CALL READBD(TEMP(J ))
C TEMP!J) * (TEMP!J)-LOTEHP)/FACTOR
C T0TAL(2+J) = TOTAL(2+J ) ♦ TEMP(J)
C200 CONTINUE
DO 300 J * 1,2
TOTAL!J) * TOTAL(J ) + READNG!J)
300 CONTINUE
400 CONTINUE
DO 600 I = 1,2
AVERAG!I) = TOTAL!I) / K
600 CONTINUE
AVERAG!1) * AVERAG!1) * 10
AVERAG!3) * AVERAG(2)
C DRYHT * DRY HEIGHT OF SAMPLE
C H20 = HEIGHT OF MOISTURE LOST DURING THO CONSECUTIVE READINGS
C MCCUR * CURRENT MOISTURE CONTENT
DELTA * (FULOAD - AVERAG(2)) / COVERT 
FULOAD = AVERAG(2)
AVERAG(2) = HTSTRT - DELTA 
HTSTRT = AVERAG(2)
H20 = HTSTRT - DRYHT





He.ULE i n f o r m a t i o n :
CODE AREA SIZE * 01A2H 418D
VARIABLE AREA SIZE * 0047H 71D
MAXIMUM STACK SIZE = OOOSH 6D
46 LINES READ
0 PROGRAM ERROR(S) IN PROGRAM UNIT GETDAT
ISIS-II FORTRAN-80 V2.1 COMPILATION OF PROGRAM UNIT DELTA 
Of. ^ECT MODULE PLACED IN BOARD.OBJ






6 COMMON /DELT/ AVERAG
7 COMMON /SUBS/FACTOR,LOTEMP,DRYHT,COVERT,FULOAD,HTSTRT,MCSTRT,CUR
Rf.:
8 K = 100
9 TOTAL * 0
10 CHANEL = 1
11 DO 400 I = 1,K
1? CALL READBD(READNG)
13 TOTAL * TOTAL ♦ READNG
14 400 CONTINUE
15 HEIGHT = TOTAL / K
C DRYHT = DRY HEIGHT OF SAMPLE
C H20 = HEIGHT OF MOISTURE LOST DURING THO CONSECUTIVE READINGS
C HEIGHT * CURRENT HEIGHT IN VOLTAGE TERMS
C DELTA * CHANGE IN HEIGHT IN GRAMS TERMS
C FULLOAD * PREVIOUS HEIGHT IN VOLTAGE TERMS
C HTSTRT * PREVIOUS HEIGHT IN GRAMS
IS DELTA = (FULOAD - HEIGHT) / COVERT
17 FULOAD * HEIGHT
18 TEMP * HTSTRT - DELTA
19 HTSTRT * TEMP
20 H20 * HTSTRT - DRYHT
2) CMC2 = (H20 /TEMP) * 100
27 DELTAM * (MCSTRT - CMC2) / DT
23 MCSTRT * CMC2
24 CALL PSHYCO(AVERAG(3),AVERAG(5),AVERAG(7))
25 HRITE(6,700)N,HOUR,MIN,CURRMC,DELTAM,(AVERAG(I),1*1,3)
2S HRITE(7,700)N ,HOUR,MIN,CURRMC,DELTAM,(AVERAG(I ),I=1,3)
27 700 FORMAT(3(I3),8(F8.3)>
28 N * N + 1
29 RETURN
30 END
h c ; j l e  i n f o r m a t i o n :
CODE AREA SIZE > 0247H 5830
VARIABLE AREA SIZE * 0041H 650
MAXIMUM STACK SIZE « OOOCH 120
37 LINES READ
0 PROGRAM ERROR(S) IN PROGRAM UNIT DELTA 
FORTRAN COMPILER
PAGE 7
ISIS-II FORTRAN-80 V2.1 COMPILATION OF PROGRAM UNIT FTCLOS 
OB ECT MODULE PLACED IN BOARD.OBJ





m o d u l e  i n f o r m a t i o n :
CODE AREA SIZE = 0020H 32D
VARIABLE AREA SIZE = OOOEH 14D
MAXIMUM STACK SIZE =-0002H 20
5 LINES READ
0 PROGRAM ERROR(S) IN PROGRAM UNIT FTCLOS
ISIS-II FORTRAN-80 V2.1 COMPILATION OF PROGRAM UNIT FTCHEC 
OB 'ECT MODULE PLACED IN BOARD.OBJ
COMPILER INVOKED BY: IFIIFORTBO BOARD.SRC PAGELENGTH(50)
1 SUBROUTINE FTCHECfI,J,K)
2 HRITE(S.*)Ir J .K
3 RETURN
4 END
A p p e n d i x  B
L i s t i n g  o f  N o n - L i n e a r  R e g r e s s i o n  P r o g r a m
150
151
ISIS-II FORTRAN-80 V2.1 COMPILATION OF PROGRAM UNIT IMAIN 
OBJECT MODULE PLACED IN MAIN.OBJ













12 60 FORMAT(/,'ENTER FILE NAME'./)
C WRITE(7»111)






17 62 FORMAT(1O X ,6 A 6 ,/)
C WRITE(6,«)'ENTER DRYING AIR TEMP.(C).'
C READ(3,«)TDB
C WRITE(6,*)'ENTER RH OF DRYING AIR <Z>'
C READ(5,*)RH
C WRITE(6,*>'ENTER AIR VEL. (FT/MN)'
C READ(5,«)V
C WRITE<6,*>'RUN NO. '
C READ(3,*)N0
18 WRITE<6,#)'ENTER NO.OF DATA PAIRS'
19 READ(5,*)H











30 171 F0RMAT(//18X,'TEMP. OF DRYING AIR M 3 , 3 X , ' C ' )
C WRITE(7»172)RH
31 172 FORMAT(/18X,'RH OF DRYING AIR ',13,3X,'X')
C WRITE(7,174)V
32 174 F0RHAT(/18X,'VEL. OF DRYING AIR ',I3,3X,'FT/HN')
C WRITE(7»173)N0








36 IF(IEQ .EQ.6) GOTO 310
40 IF( IEQ .NE. 4 ) GO TO 310
C IF< IEQ .NE. 7 ) GO TO 310




















53 88 IF (IEQ.EG.I) GOTO 90
54 IF (IEQ.EG.2) GOTO 91
53 IF (IEQ.EQ.3) GOTO 92
56 IF (IEQ.EQ.4) GOTO 93
5/ IF (IEQ.EQ.5) GOTO 94
56 IF (IEQ.EQ.6) GOTO 93
59 IF (IEQ.EQ.7) GOTO 96
60 IF (IEQ.GT.7) GOTO 131
C«*** DEFINE STARTING VALUES OF EACH EQUATION **##*•#* 
C*«*»**t*•*•••*•#«*••**•*•••*•*•#•**•*•**•*•**••••••*•
C (EQ.l); MR * A«EXP(-KT)
C*t***«••«*»««••«*•*«*•»«•*»••«»••*•••*§•*••••««••*•••
C whcrt A 1 K ARE UNKNOWNS
C P(1)* CONSTANT A






66 13 FORMAT (13X.' EQ.l HR * A#EXP(-K#T) ',/)
67 N « 2
6P P(l) « .872703
69 P(2) « 0.00734396




































C (EG.2 ) I MR • A*EXP(-K1*T> ♦ B»EXP{-K2«T>
C where A , K ft N ARE UNKNOWNS
C P(l) ■ CONSTANT A
C P(Z) » CONSTANT K1
C P(3) * CONSTANT 8
C P(4) « CONSTANT K2
91 N « 4 
HRITE!7,800)
BOO FORMAT!13X, ' Efl.Z HR«Al*EXP(-KleT> ♦A2eEXP(-K2#T»',/)
IPARNO-O
IYN0-0
P(l> « .852340 
PfZ> « O.OOS803S 
PC3) « 0.173368 
P<4) - . 1 2 2















801 FORMAT! 13X,' EG.3 N « ! <AleEXP!-KleT)) ♦ ! !A2eEXPI-K2*T)) ♦ A3
Ce*#e#######e#ee#eee#eee«e*e##****§##*eee*##ee*#ee*e##ee*#*e#e##e##*##e**#*
C where A1 , K1 , A2 ,K2,A3 ARE UNKNOWNS
C P!1) « CONSTANT A1
C P!2) * CONSTANT Kl
C P < 3) » CONSTANT A2
C P!4) « CONSTANT K2




C P!2) » .011
C P!3) » .053
C P<4) » .095
C P(3) -.086
P!1) -.205 
P !2) -.0048 
P (3) -.048 
P !4) -.084 











































802 FORMAT(15X.' EQ.4 i T « (LN(A> - LM(M>)/(C+D*(H))'r/)
C where A » C & D ARE UNKNOWNS
C P(l> ■ CONSTANT A
C P(2> ■ CONSTANT C










805 FORMAT(15X. ' EQ.7 ‘ T « (LN(A) - LN(M))/(B/LN(M) + C*M ♦D>',/>
N*4
P(l) « .33322 
P(2) « .0098
P(3) « .033 






803 FORMAT(15X. ' EG.5 1 M • A1*EXP(-K1#T) + A2'./l
C«»« #«**#»■*•»*»»#*««»#*■* **•»**##*#*****»# •«»»•*••«•••••••
C where A . C . D & N ARE UNKNOWNS
C P<1> » CONSTANT A
C P(2) * CONSTANT C
C P(3) * CONSTANT D









804 FORMAT(15X* ' EQ.6 M * A1*EXP(-K1*T)'./>
N « 2  
P(l) » .32 
P(2) * .0016 
GOTO 1 
1 S -3.37E+38
DO 2 I » 1-“
SAVEP(I) » P(I)
155
H O 2 DX(I> » .01
H I RS ■ 0.0
142 RSQ ■ 0.0
143 DO 4 I * 1> H
144 RS » RS ♦ Y(I>
145 4 RSQ ■ RSQ ♦ V (I > • Y d )
14S HS « S
147 IZ* 0
148 KENN ■ 0




15/ IF (IZ .LE. ITMAX) GOTO 8
153 KENN - 1
15* GOTO 100
155 8 L « 0
158 HL « 1.0
157 10 L » L ♦ 1
158 IF (L .LE. 23) GOTO 12
153 KENN « 2
160 GOTO 100
161 12 CALL FUNCT(H,P.F,Y.X,IEQ)
16:* HF * 0
167 DO 25 I * l.H
164 25 HF * HF ♦ F(I> * F(I)
165 21 IF (HF .LT. (HS* (1. - .2 *HL)))
166 HL • HL « .3
16/ DO 20 K » l.N
160 20 P(K) * P(K) ♦ HL * DX(K)
168 GOTO 10
170 26 HS * HF
171 DO 9 I « l.N
172 S H (I) « .01 * P(I)
173 IF (HS .GT. EPS1) GOTO 28
174 KENN » 3
175 GOTO 100
176 28 DO 30 I * l.N
17/ HF * H(I)
178 HZ » 2. * HF
173 P(I> * P(I) ♦ HF
160 CALL FUNCT(M,P,FP.Y.X.IEQ)
181 P(I) « P(I) - HZ
18? CALL FUNCT(N,P.FM.Y.X,IEQ)
183 P(I) ■ P(I) ♦ HF
184 HZ « 1.0 / HZ
185 DO 29 K « l.H
186 29 DFDX(K.I) » HZ • (FP(K) - FH(K)>
187 30 CONTINUE
168 IF (M .EQ. N ) GOTO 41
188 DO 40 I ■ l.N
190 HF « 0
191 DO 32 K ■ l.H
192 32 HF « HF ♦ DFDX(K.I) *F(K)
156
193 B( I) * HF
194 DO 38 K » l.N
195 HF * 0
19f. 35 DO 36 J « l.H
19 V 36 HF * HF ♦ DFDX{J. I ) » DFDX(J.K)
19R AA(K.I) * HF




203 41 DO 43 I * 1,N
204 B(I) * F(I)
205 DO 43 J * l.N
20S 43 AA(I.J) * DFDX(I.J)
20/ 45 K * 0
209 DO 46 J « l.N
209 DX(J> * B(J)
210 DO 46 I * l.N
211 K * K + 1
21V AAA(K) > AA(I.J)
213 46 CONTINUE
214 CALL SIHQ<AAA.DX,N>
2 IS HF • 0
21 ft HZ * 0
217 DO 50 I > l.N
21ft SAVEP(I) * P(I)
219 P(I) • PtI> - DX(I)
270 HZ * HZ ♦ ABS(P(I))
271 50 HF * HF ♦ A B S ( D X d ) >
27/ 51 IF (IPARNO .EQ. 0) GOTO 53
273 IF (MODUZ, IPARNO) .NE. 0) GOTO 53
274 IF(IEQ.EQ.1) GOTO 961
2?S IF(IEQ.EQ.2) GOTO 963
279 IF(IEQ.EQ.3) GOTO 965
27/ IF(IEQ.EQ.4) GOTO 967
2 7 k IF(IEQ.EQ.5) GOTO 969
27* IF(IEQ.EQ.6) GOTO 971
230 IF(IEQ.EQ.7) GOTO 980
231 961 HRITE(7.962)(SAVEP!I)»1*1 .N)
232 HRITE(6.962)(SAVEP!I>.1*1.N>
233 962 FORMAT(15X.'A * ' .F16.8/15X,'K *'.F16.8./>
234 GOTO 53
235 963 HR ITE(7.964)(SAVEP(I).I* 1.N )
23K HRITE(6.964)(SAVEP!I),1*1,N>
23/ 964 FORMAT ( 15X. 'A1 « ' .F16.8/15X. 'K1 » '.F1G.8,/




241 966 FORMAT!15X, 'A1 *'.F16.8/15X, 'Kl *',F16.8./
I15X. 'A2 -'.F16.8./15X.'K2 * '  ,F16.8./ 15X. 'A3 *',F16.8,/)
242 GOTO 53
243 967 URITE!7.968) ( SAVEP!I ) . 1*1>N)
244 URITE!6.968 ) (SAVEP!I>.1*1>N)




24/ 969 HRITE(7»970)< SA V E P d ), I * 1, N )
248 HRITE(6r970HSAUEPd>,I*l,N>
249 970 FORMAT(15X,'A1 » SF16.8/15X, 'K1 «',F1S.8,/
ft 15Xr 'A2 * ' ,616.8,/)
250 GOTO 53
251 971 MRITE(7, 972)(SAVEP d ),I *1,N )
25>: HRITE(S,972)(SAVEPtI)»1*1,N)
253 972 FORMAT(15X, 'A1 *' ,F1S.8/15X, 'K1 *',F16.B,/)
254 GOTO 53
255 980 HRITEl7,981) (SAVEP(I),1=1,N)
256 URITE(6>981)(SAVEPfI),1*1,N)
257 981 FORMAT(15X,'A *',F1G.8/15X, '8 * ' ,F16.8,/15X,'C
&D »' ,F16.8,/>
258 53 IF (IYNQ .EQ. 0) GOTO 120




263 - DO 110 1*1,H
264 YCALC » Y(I) - F(I)
265 SS*SS+(Y(I)-F(I))#*2




2/u HRITE(7f9 1 11)S
271 MRITE(6f9111)S
27/ 9111 FORMAT(15X»'SUM OF SQUARES OF (Y-YCALC) *',F20
273 MRITEl7,9110 JRSS
274 HRITE(S.9110)RSS
2 7 S' 9110 FORMAT(15Xf 'GOODNESS OF FIT (R2) *',F20.8,/>
276 IF(XENN.NE.O) GOTO 150
























299 926 FORMAT(/5X»' PROCEDURE STOPPED DUE TO MAXIMUM NUMBER OF ITERATIONS'
& r 1 3  )
300 929 FORMAT(/,15 X »'PROCEDURE STOPPED FOR NO MOVE HILL REDUCE THE GOODNES
40F FIT RATIO')
301 930 FORMAT(/,3 X , ' PROCEDURE STOPPED DUE TO THE EPS1 TEST')
302 932 FORMAT!/,5X,' PROCEDURE STOPPED DUE TO THE EPS2 TEST')




307 152 FORMAT!'?????????????? END ?????????????????')
308 CL0SE!7)
309 END
Ho o u l e  i n f o r m a t i o n :
CODE AREA SIZE » ID01H 7425D 
VARIABLE AREA SIZE » 422BH 15939D
MAXIMUM STACK SIZE * OOOAH 10D 
396 LINES READ
0 PROGRAM ERROR!S) IN PROGRAM UNIT IMAIN
ISIS-II FORTRAN-80 V2.1 COMPILATION OF PROGRAM UNIT FUNCT 
OBJECT MODULE PLACED IN MAIN.OBJ
COMPILER INVOKED BY! F0RT80 MAIN.SRC HORKFILES!IFOI,IFOI>
1 SUBROUTINE FUNCT(M,P,F,Y,X,IEQ)
2 DIMENSION P!3),Y!400),X(400),F!400>
C P!1 - 3) « CONSTANT
C Y ■ X H.C. !M.B)
C X * TIME
3 DO 20 K > 1,M
4 IF !IEQ.EO.1) GOTO 30
3 IF !IEQ.£0.2) GOTO 40
6 IF !IEQ.E9.3) GOTO 50
7 IF !IEQ.EO.4) GOTO 60
8 IF (IEQ.EO.3) GOTO 70
9 IF (IEQ.EO.5) GOTO 60
10 IF (IEQ.EO.7) GOTO 90
c  ( e q . d ; m r « a * ( e x p ( - k * t )
11
12
30 F(K > ■ Y(K) - P(1)*EXP(-P(2)*X(K)) 
GOTO 20
159
c (EQ.Zi; MR « A»<£XP«<-KUT> ♦ B*(EXP«(-K2*T)
13 40 FCK) « YCK) - P(1 )#EXP(-P(2)*XCK)) - P(3)*EXP(-P(4)*X(K))
14 GOTO 20
c (EQ.3>; M * A1#(EXP(-K1*T) + A2»(EXP(-K2*T) +A3
15 50 F(K) « Y<K) - P(l)*EXP(-P<2>*X(K>) - P(3)*EXP(-P<4>*X(K)) - PCS
IE GOTO 20
C (EQ.4); T « (LNA - LNM)/(C+D*M)
17 SO F(K) =Y(K)-((AL0G(P(1))-ALOG(X(K)))/(P(2)«X(K)+PC3))>
ie GOTO 20
C (EQ.5)I H * A1*(EXP<—K1*T)) + A2
is 70 F(K) ■ Y(K)-(P(l)t(EXP{-(P(2)*X(K))))) - P(3)
20 GOTO 20
C (EQ.6), M * A1*(EXP(-K1*T))
21 80 F(K) * Y<K)-P(1)*EXP(-P(2)*X(K>)
2? GOTO 20
C (EQ.7>: T=<LN(A)-LN(M))/(B/LN(M> ♦ C*H ♦ D)




m o d u l e  i n f o r m a t i o n :
CODE AREA SIZE > 04S0H 1152D
VARIABLE AREA SIZE « 0020H 32D
MAXIMUM STACK SIZE » OOIOH ISO
48 LINES READ
0 PROGRAM ERROR(S) IN PROGRAM UNIT FUNCT
ISIS-II FORTRAN-80 V2.1 COMPILATION OF PROGRAM UNIT SIMQ 
OBJECT MODULE PLACED IN MAIN.OBJ
c o m p i l e r  i n v o k e d  b y : f o r t s o  h a i n .s r c  w o r k f i l e s c :f o :,:f o : j
C SUBROUTINE SIMQ
C PURPOSE






















C DESCRIPTION OF PARAMETERS
C A - MATRIX OF COEFFICIENTS STORED COLUMWISE. THESE
C DESTROYED IN THE COMPUTATION, THE SIZE OF MATRIX
C is a N BY N.
C B - VECTOR OF ORIGINAL CONSTANTS (LENGTH N». THESE ARE
C REPLACED BY FINAL SOLUTION VALUES. VECTOR X.
C N - NUMBER OF EQUATIONS AND VARIABLES. N MUST BE .GT. ONE
C REMARKS
C MATRIX A MUST BE GENERAL.
C IF MATRIX IS SINGULAR, SOLUTION VALUES ARE MEANINGLES.
C AN ALTERNATIVE SOLUTION MAY BE OBTAINED BY USING MATRIX.
C INVERSION (MINV) AND MATRIX PRODUCT (GMPRD).
C SUBROUTINES AND FUNCTION SUBPROGRAMS REQUIRED NONE
C METHOD
C METHOD OF SOLUTION IS BY ELIMINATION USING LARGEST PITOTAL
C DIVISOR. EACH STAGE OF ELIMINATION CONSISTS OF INTERCHANGING
C ROWS WHEN NECESSARY TO AVOID OIVISION BY ZERO OR SMALL
C ELEMENTS.
C THE FORWARD SOLUTION TO OBTAIN VARIABLE N IS DONE IN N STAGE
C THE BACK SOLUTION FOR THE OTHER VARIABLES IS CALCULATED
C BY SUCCESSIVE SUBSTITUTIONS. FINAL SOLUTION VALUES
C ARE DEVELOPED IN VECTOR B, WITH VARIABLE 1 IN (1),
C VARIABLE 2 IN B(2),......  VARIABLE N IN B(N>.
C IF NO PIVOT CAN BE FOUND EXCEEDING A TOLERANCE OF 0.0
C THE MATRIX IS CONSIDERED SINGULAR AND KS IS SET TO 1.
C TOLERANCE CAN BE MODIFIED BY REPLACING THE FIRST STATEMENT


























































C TEST FOR PIVOT LESS THAN TOLERANCE (SINGULAR MATRIX)
IF(ABS(BIGA)-TOL) 35.35.40
35 RETURN
C INTERCHANGE ROMS IF NECESSARY
40 I1»J+N*(J-Z>
IT*IMAX-J 






C DIVIDE EQUATION BY LEADING COEFFICIENT
50 A(I1>*A(I1>/BIGA
SAVE*B(IMAX)
B(IMAX > =B <J)
B(J)*SAVE/BIGA

























A p p e n d i x  C
L i s t i n g  o f  t h e  D e t e r m i n a t i o n  o f  
D r y i n g  C o n s t a n t  ( k )  P r o g r a m
162
163
ISIS-ri FORTRAN-80 V2.1 COMPILATION OF PROGRAM UNIT SMAIN 
OBJECT MODULE PLACED IN KV5M.0BJ
COMPILER INVOKED BY: F0RT80 KVSM.SRC WORKFILES(IFO:,IFO:>
1 tFREEFORM








9 o p e n (u n i t =7.f i l e *':t o : ')
10 10 VSUM=0
C WRITE(6.*) '»«** INSERT ORIGINAL DATA DISK •»«* '
11 HRITE(G.20)
1? 20 FORMAT(/,'ENTER FILE NAME',/)
13 READ(3,21)FILNAM
14 21 FORMAT(BAS)
C WRITE(6,*)'ENTER REPLICATON NO.'
C READ(3.*)RE
15 WRITE<6,*> 'ENTER DRYING AIR TEMP.(C).'
IB READ(5,*)TDB
17 WRITE(S,*)'ENTER RH OF DRYING AIR (X) '
18 READ(5.*)RH
19 WRITE(6.*)'ENTER VEL. OF DRYING AIR (FT/MN) '
20 READ(5.«)V1
C WRITE(6.») 'BREAKING PT'
C READ(5,»>BK
21 BK=27
2'/ WRITE(B,*)'ENTER NO. OF DATA'
23 READ(3»*)N









33 45 DO 60 1=1,N










42 86 FORMAT(/r'T * ',13,'
43 HRITE(7,91)RH
44 91 FORMAT( 'RH * M 3 ,  ' 2'
45 HRITE(7,92)V1
46 92 FORMAT('V * ',13,' FT/MN')
C HRITE(7,84)RE
47 84 FORMAT( 'REP. NO ',13,/>
48 WRITE(7,87)
48 87 FORMAT(/,'2M.C(DB> M O X , ' K ',/)
C HRITE(8,80)
50 DO 100 I* 1 ,N
51 H20(I) * Y(I)*H(I)/100
5? DU(I) = M(I> - H20(I)
53 DB(I> * H20(I)/DW(I)* 100
54 AGK(I)= ALOG(D B (I))
C IF(DB(I).GT. BK) GO TO 95





Cl 05 UR I TE (6,90) I, X (I), DB (I), AGK (I), K , M




C TO CALCULATE THE SLOPE AND INTERCEPT OF EACH SEGMENT




C OF DIFFUSION EQUATION I
C M - A#EXP(-K*T> . . . . .  (1)
C LINEAR RELATIONSHIP
C LnH = LnA - K#T . . . . .  (2)















72 IF (K2.GT.N) GO TO 250





77 U = X<L) * AGK(L)
78 XYSUH *= XYSUM + U
79 U c X(t > * X(L)
80 X2SUM * X2SUM + U
81 U « AGK(L) * AGK(L)





C** CALCULATE NUMERATOR 





C** CALCULATE CORRELATION COEFFICIENT
89 R =ANUM/DEN
90 R * R*R 
C
C*# CALCULATE SLOPE
91 B = (XYSUM- ((XSUM#YSUH) /N3)) / (X2SUM- (X5UM*»2/N3) >
92 Bl*-B
C IF(X1BAR .GE. BK ) GO TO 215
93 IK=0
94 IM=i
95 GO TO 225
96 215 IK = 1
97 IM=0
98 225 HRITE(7 r 230)X 1BAR , B 1
99 HRITE(8,235)X1BAR,B1









m o d u l e  i n f o r m a t i o n :
CODE AREA SIZE * 0A48H 2632D
VARIABLE AREA SIZE * 2F80H 12160D
MAXIMUM STACK SIZE = OOOEH 14D 
140 LINES READ
0 PROGRAM ERROR(S) IN PROGRAM UNIT 0MAIN
0 TOTAL PROGRAM ERROR(S) 
END OF FORTRAN COMPILATION
A p p e n d i x  D
L i s t i n g  o f  I n p u t  D a t a  a n d  SAS O u t p u t  f o r  t h e  
S t e p w i s e  R e g r e s s i o n  P r o c e d u r e  f o r  t h e  
T w o - T e r m  E x p o n e n t i a l  M o d e l  





































































































































































































































































































































T RH 0 7.M.C. A1 K1 A2 K2 A3
U ~ 30 20 32.33 .18591 .00435 .05310 .05995 .10289
35 40 20 33.58 .17416 .00469 .05290 .05875 .10786
35 50 20 33.55 .17045 .00475 .05139 .05619 .11259
35 SO 20 33.49 .16561 .00503 .04372 .05323 .12513
35 70 20 33.45 .14970 .00470 .047S1 .04313 .13653
45 30 20 33.49 .1978S .00884 .05336 .0884G .03347
45 40 20 33.55 . 18 0 G 9 .00751 .0620S .07179 .09209
45 50 20 33. SO .17555 .00795 .05784 .06560 .10169
45 SO 20 33.51 .15906 .00G90 .05413 .05507 .12160
45 70 20 33.38 .13907 .00547 .05447 .03709 .13859
55 30 20 33.71 .20444 .01098 .05913 .083G1 .07098
55 40 20 33. 7G .17930 .01013 .05702 .08014 .09680
53 50 20 34.03 .1SS23 .00985 .05470 .07797 .10707
55 30 20 33.32 .13392 .00304 .041 IS .07224 .11633
53 70 20 33.48 .14491 .00809 .04449 .06409 .13468
33 30 40 32.83 .16088 .00448 .04492 .09257 .10171
O 40 40 31.38 .16537 .00483 .03802 .08759 .10511
35 50 40 33.04 .17025 .00469 .0270S .08325 .12291
33 60 40 33.03 .1G78S .00453 .03767 .OS 109 . 12427
■nj • 70 40 33. IS .14775 .00427 .03724 .04842 .14S22
4 5 30 40 33.33 .20025 .COG33 .04270 .10534 .03337
4 5 40 40 33. 4S .19923 . 0 C S 7 S .04295 .10029 . 09240
45 50 40 33.28 .19162 .00845 .04354 .09734 .09735
4 3 SO 40 33.47 .1SG3S .00931 .03747 .08401 .11067
r. 1; 70 40 33.43 .15943 .00320 .03651 .05701 .13719
50 30 40 33.33 .20327 .01157 .05695 . 10107 .07216
53 40 40 33.34 .13814 .01143 .04548 .10033 .08919
5'- 50 40 33.32 .19071 .01122 .04853 .03331 .09347
?■; SO 40 33.72 .18321 .010GS .04833 .09525 .10506
53 70 40 33.53 .17024 .01049 .04660 .09279 .11857
33 30 SO 33.91 .17720 .00481 .04387 .10108 .10766
35 40 GO 33. OS .17300 .00433 .03710 .11372 .11252
33 50 GO 30.87 .1S2S8 .00441 .03521 .03270 .11443
33 SO SO 33. 15 .15207 .00423 .03344 .07346 .13567
33 70 GO 31 .77 .14273 .00411 .02948 .07503 .14518
45 30 GO 32.14 .20783 .00784 .03889 .1307S .06456
45 40 GO 32.2B .18S77 .007G9 .03716 .12894 .09846
45 50 GO 33.72 .18G42 .00719 .03695 .10955 .10230
45 GO GO 32.37 .18355 .00710 .03557 .08899 .11328
45 70 GO 32.44 .1SG99 .00887 .03381 .08622 .13072
53 30 GO 33.25 .21577 .01159 .055G9 .11138 .07032
53 40 GO 32.38 .18456 .01148 .04759 .10170 .09567
53 50 GO 32. 8B .18155 .01039 .04647 .09991 .10725
C-' > GO GO 33.15 .18031 .01073 .04584 .09881 .11333
cr * 70 SO nn . rj . i □ .17881 .00906 .046S7 .0SSG3 .12473
170
T RH 0 7.M.C. A1 K1 A2 K2 A3
3-, 30 20 37.93 .23709 .00427 .05524 .08003 .0871
3H 40 20 37.93 .21112 .00416 .0G277 .05852 . 1042
o-» 50 20 37.93 .20519 .00426 .05523 .06328 .1187
35 GO 20 37.93 . 18533 .00402 .05137 .05138 .1418
35 70 20 37.93 .17110 .00293 .05828 .03152 . 1480
45 30 20 37.93 .23478 .00764 .05170 .11699 .0927
45 40 20 37.74 .21350 .00794 .05414 .10472 . 1037
f zw 50 20 37.93 .20270 .00359 .04985 .07103 .1145
45 GO 20 37.74 .18882 .00681 .05048 .06826 . 1366
45 70 20 37.85 .18409 .00587 .04964 .07377 .1446
53 30 20 38.13 .01139 .05104 .14489 . 1080
55 40 20 38.3S .21252 .01023 .05733 .11234 .1102
5‘> 50 20 38.41 .20542 .00927 .05858 .03934 .1138
5'. GO 20 38.19 .20183 .00323 .05002 .09103 . 1299
5;> 70 20 38.12 .17GS1 .008G4 .05740 .07456 . 1467
n ~ o-:- 30 40 35.93 .20505 .00448 .04842 .06404 . 1043
35 40 40 33.31 .21167 .00374 .04620 .05302 . 1044
35 50 40 33.31 .1957G .00377 .04633 .05757 .1209
35 60 40 3G.01 .18429 .00343 .04187 .03353 . 1317
•n t. 70 40 38. 10 .15GS9 .00289 .05425 .02526 .1458
45 30 40 37.30 .24638 .0078G .04531 .18293 .0808
An ».< 40 40 37.70 .21841 .00873 .05024 .03437 . 1070
err-•j 40 38.40 .20209 .00599 .04852 .11386 .1140
45 30 40 37.50 .19505 .00557 .05101 .07550 .1282
45 70 40 37.00 .13403 .00443 .04473 .05031 . 1601
53 30 40 38.50 .25783 .01138 .04646 .13345 .0807
53 40 40 38.70 .24661 .01107 .03674 .11907 . 1032
53 50 40 38.50 .22821 .10715 .03898 .14354 .1178
53 GO 40 33.05 .19991 .00886 .05192 .07536 . 1281
55 70 40 37.53 .18470 .00767 .04GG4 .07015 . 1434
33 30 GO 38.26 .19488 .00365 .05320 .05731 .1060
35 40 GO 38.31 .19089 .00387 .04300 .05476 . 1076
35 50 GO 35.G2 .16984 .00371 .04230 .05051 .1289
3H GO GO 38.00 .1S654 .00349 .04048 .03477 .1343
3 3 70 GO 35.95 .15S77 .00302 .38722 .03082 . 1445
45 30 GO 3S.G2 .19357 .00721 .04195 .11903 . 1002
45 40 GO 38.22 .19839 .00633 .04951 .07968 . 1022
45 50 60 38.00 .17523 .00484 .04630 .05276 .1193
45 GO 60 38.00 .17G31 .00450 .04129 .05826 . 1278
45 70 GO 38.00 .1G881 .00427 .03987 .05538 .1478
55 30 60 37.73 .22444 .01070 .05183 .10248 .0899
53 40 30 38.00 .22792 .01005 .04764 .09331 .1071
53 50 SO 38.00 .22785 .01041 .04107 .09152 .1160
53 GO SO 38.00 .13G77 .00851 .04736 .08680 . 1250
S', 70 GO 37.93 .18249 .00766 .05237 .07792 .1440
STEPWISE REGRESSION PROCEDURE FUR DEPENDENT VARIABLE A1
STEF1 1 VARIABLE MC ENTERLD R SQUARE * 0.4*87851 1 CIPl * 332.92716410
DF SUM OF SQUARES MEAN SQUARE F
REGRESSION 1 0.04316816 0.04316816 108.29
ERROR 133 0.05302077 0.00039865
TOTAL 134 0.09618892
B VALUE STO ERROR TYPE II SS F
INTERCEPT 0.02232496
MC 0.00471122 _0.00045274_ 0.04316816   108.29
STEP 2 VARIABLE RH  ENTERED R SQUARE ■ 0.79336994 CIPl » 44.90911737
PF SUM OF SQUARES MEAN SQUARE _ ;;;F
REGRESSION 2 0.07631340 0.03815670 253.41
ERROR 132 0.01987552 0 . 0 0 0 1505T
TOTAL J34 0.C961B892  ' '.....
B VALUE STD ERROR TYPE H  SS F
INTERCEPT 0.07807240
MC 0.00470060 0.00027824 0.04297495  283.41
RH _  -0.00110798 0.0000 746 8_ 0.03314524 __  2 2 0 .13
STEP 3 VARIABLE T ENTERED R SQUARE = 0.84530584 CIPl * 3 .1975420?--- — ----
DF SUM OF SQUARES MEAN SQUARE ---------- F
REGRESSION ~ 3 0.08130906 0.02710302  238.61
ERROR 131 0.01487986 0.00011359
TOTAL 134 0.09618892 --- -----
B VALUE STD ERROR TYPE II SS - --------- F~
INTERCEPT 0.04711193
*?c 8 :880^ 9! 8 :808lil* 8 8:8 m m    3*!:38
RH -0.00110803 0.00006486 0.03314847 291.83
NO OTHER VARIABLES MET THE 0.15C0 SIGNIFICANCE LEVEL FOR ENTRY INTO THE MODEL. ' ---




























-0 .0054 2944 
0.00028002
SUM OF SQUARES



































0.833*2770 C l P »
SUM OF SQUARES
0.00078153 











































































STEPWISE REGRESSION PROCEDURE FUR 











0 . C0081106 






















0 . 0 0 0 1
8:B88t
0.0234












R SQUARE = 0.62392012 C<P)
























































































TYPE II SS 
0.01235824
8 : 8 8 ? m 3eZ
F
117.73








STEP 4 VARIABLE T ENTEKED
REGRESSION







STEPnlSE REGRESSION PROCEDURE FUR 










































S T E P M S E  REGRESSION PROCEDURE FUR DEPENDENT VAKIADLC K2
STEP I VARIABLE RH ENTEREO R SQUARE = 0.25248599 CIPl = 96.19460589
DF SUM DF SQUARES MEAN SQUARE F PROB F
REGRESSION
ERROR









44.92 0 .0 0 0 1
B VALUE STO ERROR TYPE II SS F PROB F
INTERCEPT
RH
0 . 12 595*185 
-0.00090650 0 . COO 1352 5 0.02218 722_  __ 44.92 0.0001
STEP 2 VARIABLE T ENTERED R SQUARE * 0.43316037 CIPl * 43.28159751












50.44 0 .0 0 0 1












0 .0 0 0 1
0 .0 0 0 1
STEP 3 VARIABLE V ENTERED R SQUARE = 0.56626038 CIPl * 4.82803362 - - - -












57.01 0 .0 0 0 1


















0 .0 0 0 1































































































































A p p e n d i x  E
L i s t i n g  o f  I n p u t  D a t a  a n d  SAS O u t p u t  f o r  t h e  
S t e p w i s e  R e g r e s s i o n  P r o c e d u r e  f o r  t h e  
S e c o n d  E m p i r i c a l  M o d e l  
( O n - F a r m  T y p e  D r y e r )
1?8
179
I RH V 7.M.C.
35 30 20 28.54
35 40 20 28.54
35 50 20 28.70
35 SO 20 29.03
35 70 20 28.70
45 30 20 28.54
45 40 20 28.54
45 50 20 28.70
45 SO 20 28.37
45 70 20 29.03
53 30 20 28.70
55 40 20 28.39
55 50 20 28.70
53 SO 20 28.49
55 70 20 28.70
33 30 40 28.20
33 40 40 28.46
33 50 40 28.70
35 SO 40 28.87
0 70 40 28.54
45 30 40 23.37
45 40 40 28.37
*T w 50 40 28.70
41- SO 40 28.37
45 70 40 28.37
55 30 40 27.23
crw> v • 40 40 28.21
53 50 40 28.77
GO 40 28.54
53 70 40 28.54
33 30 SO 28.44
w' •"*' 40 80 28.47
35 50 SO 28.70
33 SO 80 28.54
33 70 SO 27.97
45 30 80 28.21
45 40 GO 28.21
45 50 80 n 0 n n
45 SO 80 28.88
45 70 SO 28.39
55 30 SO 28.40
55 40 80 28.70
53 50 SO 28.38
55 SO SO 28.34






























































































T RH 0 7.M.C.
35 30 20 32 .38
35 40 20 33 .58
35 50 20 33 .55
35 SO 20 33 .49
35 70 20 33 .45
45 30 20 33 .43
45 40 20 33 .55
45 50 20 3 3. S 0
r sr SO 20 33.51
45' 70 20 33 .35
53 30 20 33.71
55 40 20 33 .76
5!> 50 20 34 .03
53 GO 20 33 .32
53 70 20 33 .48
33 30 40 32 .83
r\ CJ 40 40 32 .38
35 50 40 33 .04
33 GO 40 33.03
35 70 40 33. IS
4 3 30 40 33 .39
45 40 40 33 .48
45 50 40 33 .28
45 80 40 33 .47
45 70 40 33 .43
53 30 40 33 .33
53 40 40 33 .34
55 50 40 33 .32
53 GO 40 33 .72
cr*- 70 40 33.58
35 30 GO 33.91
33 40 GO 33.80
33 50 GO 30.87
35 GO SO 33 .15
35 70 GO 31 .77
45 30 GO 32.14
45 40 GO 32.28
45 50 GO 33 .72
45 GO SO 32. 72
45 70 GO 32. 44
55 30 GO 33.25
55 40 SO 32.89
53 50 60 32 .88
53 GO GO 33.15
53 70 30 32.  IB
B C
.02085 - .0 0 0 7 0 2
.02200 - . 0 0 0 8 8 1
.02073 - .0 0 0 8 0 2
.02120 - .0 0 1 1 5 6
.02284 - .0 0 1 8 9 4
.03747 - .0 0 1 3 1 2
.03601 - .0 0 1 4 4 7
.03317 - .0 02081
.02344 - .00 2 1 8 3
. 023G3 - .0 0 3 3 0 0
.07538 - .0 0 8 2 3 9
.08130 - .0 00191
.04008 - .00 0 2 9 8
.03877 - .0 0 3 1 1 8
.04232 - .0 04191
.01882 - .0 0 0 1 7 5
.01632 - .0 00271
.01517 - .00 0 3 7 8
.01371 - .00 0 4 1 8
.01158 - .0 0 1 4 9 9
.03876 - .00 1 4 7 9
.03355 - .0 01581
. 030SG - .00 1 8 2 8
.02738 - .0 0 2 4 3 4
.02730 - .0 0 3 3 2 2
.08573 - .00 4 3 8 9
.07945 - .0 0 4 5 9 5
.07032 - .0 07921
.06220 - .0 1 0 8 9 3
. 06641 - .0 0 7 9 4 4
.01408 - .00 0 2 0 8
.01608 - .0 0 0 2 6 6
.01517 - .00 0 3 3 3
.01583 - .00 1 1 2 4
.01818 - .0 0 1 3 8 4
.03730 .0008313
.04567 - .0 0 1 8 4 2
.04183 - .00 1 8 7 4
.03402 - .00 1 9 8 2
.02830 - .00 2 0 2 2
.12798 - .0 0 3 3 9 8
.12107 - . 0072G7
.10447 - .007501
.09632 - .007321
















































T RH g 7.M.C.
35 30 20 35. 93
35 40 20 38. 31
3~ 50 20 36. 31
35 SO 20 36. 01
3:5 70 20 36. 10
4 5 30 20 37. 30
45 40 20 37. 70
45 50 20 38. 40
45 SO 20 37. 50
45 70 20 37. 00
55 30 20 38. 50
55 40 20 38. 70
55 50 20 38. 50
55 60 20 38. 05
55 70 20 37. 53
35 30 40 37. 93
35 40 40 37. 93
35 50 40 37. 93
35 SO 40 37. 93
33 70 40 37. 93
4 5 30 40 37. 93
\ 40 40 37. 74
45 50 40 37. 93
A SO 40 37. 74
45 70 40 37. 85
55 30 40 38. 16
55 40 40 38. 31
53 50 40 38. 41
53 SO 40 38. 19
55 70 40 38. 12
35 30 GO 38. 26
33 40 GO 38. 31
3 5 50 60 35. 64
35 SO 60 35. 78
- 70 SO 35. 95
45 30 60 38. 82
45 40 60 38. 99
45 50 SO 38. 00
43 SO SO 38. 00
45 70 so 38. 00
53 30 so 38. 00
53' 40 GO 38. 00
53 50 60 38. 00
53 60 60 38. 00
55 70 SO 38. 00
B C
.02288 - .0 0 0 1 8 9
.01685 - .0 0 0 1 6 3
.01448 - .0 0 0 1 9 9
.01259 - .0 0 0 5 7 4
.01394 - .0 0 1 3 3 4
.03119 .0003119
.03794 - .0 0 0 9 2 2
.03482 - .0 0 1 7 3 8
.03034 - .0 0 2 0 9 9
.02249 - .00 2 5 5 8
.11875 - .0 0 3 3 2 8
. 0649S - .0 0 4 4 4 6
.05066 - .0 0 2 8 7 3
.04347 - .0 0 2 7 0 2
.04809 - .0 0 4 7 0 9
.01788 - .000188
.01597 - .0 0 0 1 8 7
.01245 - .0 0 0 1 8 8
.01171 - .0 0 0 4 0 9
.01192 - .000834
.03153 - .0 0 2 3 5 8
.03392 - .002152
.02444 - .0 0 1 7 1 9
.01832 - .0 0 1 6 4 6
.01695 - .00 1 5 7 3
.10283 - .0 0 3 8 2 9
.08980 - .0 0 3 7 8 5
.07995 - .00 4 5 7 7
.05848 - .0 0 5 8 7 3
.03752 - .0 0 6 7 5 6
.01527 - .00 0 1 5 6
.01272 - .0 0 0 4 1 8
.01 ISO - .0 0 0 7 8 9
.01123 - .0 0 0 8 0 9
.01081 - .0 0 0 8 5 4
.03551 - .0 0 2 5 0 5
.03021 - .001921
.02823 - .00 1 8 6 3
.02242 - .0 0 1 3 0 5
.01866 - .0 0 2 4 4 2
.07418 - .0 0 3 5 7 8
.07392 -.003811
.07105 - .0 0 4 5 1 4
















































STEFKISE REGRESS ICN PFOCECURF TOR DEPENDENT VARIABLE A
VARIABLE M ENTERED
P E C R ES S I N N
ERROR
TOTAL
I NT E RC EP T  
TT '






0 . C 5 5 7 5 9 C 3
0 . 0 0 8 1 9 9 7 5
SUP CF SCLARES
O . I 5 1 2 P C 7 7  
0 . C35 6 1 5 0  9 
C .  1 8 5 8 5 5 6 6
STD ERROR 
0.C0035011
1 5 7 . 6 6 2 5 2 7 1 5
MEAN SQUARE
0 . 1 5 1 2 8  0 7 7  
0 . 0 0 0 2 6 0 2 6
TYPE I I  SS
o ; r 5 i 2 8 o r r -




VARI ABLE T ENTERED
R E G R E S S I O N
ERROR
TOTAL
P SQUARE = 0 . 9 0  7 6 8 3 7  2 C ( P >  =







- 0  . 0 C G 9 2 C 7 5  
0 . 0 0 0 1 9 9 7 5  
0 . 0 0 1 3 9 2 6  6
SUM CF SQUARES
0 .  1 6 0 7 2 6 3 3  
0 .  Cl  7 1 5 9 3  9
C . 1 8 5 8 S 5 6 6
S I C  ERROR
0  . C 0 0 2 5 0 3  7 
0 . C C O 1 2 0 1 8
1 5 . 0 9 6  1 3 1 8 6
MEAN SQUARE
0 . 0 0 9 3 6 8 1 6  
— 0 . 0 0 0 1 2 9 9 9
TYPE I t  S S
0 . 1 5 1 2 8  0 7 7  





0 . 0 0 0 1
PROB F
0.0001
0 . 0 0 0 1
VARIABLE V ENTERED







P SQUARE = 0 . 9 1 2 8 5 6 5 2  C I P I




- 0 . O C 0 3 9 9 9 8  
0 . 0 0 0 1 9 9 7 5  
0 . 0 0 1 3 9 2 6 6  
- 0  . 0 0 0  1 6 3 1 2
0 .  1 6 9 6 9 5 2  1 
0 . C 1 6 2 C 1 6 5  
0 .  1 8 5 8 5 5 6 6
STO ERROR
0 .COO 2 3 5 5  5 
C . COO 1 1 7 2  2 0.0000=861
8 . 1 0 8 1 1 5 3 5
MEAN SQUARE
0 .0 5 6 5 6 5 7 5
0 . 0 0 0 1 2 3 6 8
TYPE II SS
0 . 1 5 1 2 8  0 7 7  
0 . 0 1 7 5 5 5 5 6  





7 . 7 5
PR O B  r 
0.0001
PROB P
0 .0 0 0 1
0.0001
0.0062
S T EPW ISE  R E G R E S S I O N  PFCCECURE PflR DEPENDENT VARIABLE A 
S T E P  « VARIABLE RH ENTERED P SCUARE = 0 . 9 I 6 1 6 1 5 F  G ( P J  = 5 . 3 C C C 0 0 9 0
CP SUM CF SOL ARES MEAN S d J A R E  __  F
REGRESS IDM A 0 . 1 7 Q 3 C 6 7 5  0 . 0 A 2 5 7 6 6 9  3 5 5 . C6
ERROR   1 3 0  0 . C 1 5 5 E B 9  2 C . O O O l l O ' H  ----------
TOTAL 1 3 4  C . 1 6 5 8 9 5 6 6
B VALUE STC ERROR TYPE I I  SS 'F_ . ...
I N T E R C E P T  0 . 0 0 7 1 3 5 0 5  -------
H   0 . 0 0 0 1 9 9 7 5  0 .C 00230B 6-------  0 . I 5 I Z B 0 7 T -----  1 2 6 1 - ST
T 0 . 0 0 1 3 9 2  6 fc 0 . 0 0 0 1 1 5 4 3  0 . 0 1 7 A 5 5 5 0  1 4 5 . 5 7
PH - 0 . 0 0 0 1 5 0 6 2  0  • C 0 0  0 6 6 6  4  0 . 0 0 0 6 1 2 5 4     3 . 1 1
V - 0 . 0 0 0 1 6 3 1 2  0 . C C 0 0 5 7 7 1  0 . 9 0 0 9 5 7 8 B  ' ~ ' 7 . 9 9




~ m s i ~
0 . 0 2 5 5
0 . 0 0 5 5
srr  p 1 VARIABLE T ENTtRtD




ST E PW I SE  REGRESS ICN PROCEDURE EER DE PENDENT VARIABLE B
42.531-50057____
MEAN SCUARE
_P SQUARE = 0.71475677 r.(P) =









Or COOORBl  3
C.12060515 
O.OOOU366 7
TYPE I I  SS
3 3 3 . 2 7
PROB F 
0 . 0 0 0 1
PROB f  
-0.0001----------------
S TE P  2 VARIABLE RH ENTERED




R SQUARE = 0.7605754 2
CF
T i i
C t P >
B VALUE
-0 .034B2C61 
0 . 0 0 1 7 9 1 5 0  
-C .00021.302








0 . 0 1 5 3 7 6 4 3  
~  0 . 0 0 0 0 7 3 1 8 “
2 1 0 . 12 "
TYPE I I  SS
0 . 0 2 8 8 8 5 1 9  
0 . 1 0 1 8 67 H1
3 9 9 . 7 Z  
2 5 . 5 2
PROB F 
O . O C O l
PROB r
0.0001
0 . 0 0 0 1
STEP 3 VAR I A B t E  15 ENTERED R SQUARE = 0 . 7 8 4  7 7 7 2 4 C(P> = 3 . 9  3 3 9 2 9 t r t
REGRESSION 
ERPOR 
“T O T A L - - - - -







T 3 9 "
B VALUE
-0;gi7Z47E7




0 . C 3 1 7 1 4 B 5  
0  .  C 0 8 6 5 7 7 0 






0 . 0 1 0 5 7 1 6 2
C.00006639
TYPE II SS
0 . 0 0 0 9 6 1 8 9  
0 . 0 2 8 8 H 5 1 5  
0 . 0 0 1 8 6  70 1
 — - T -
1 5 9 . 2 2 “
“PROB F
o.ooor
1 4 . 9 9
4 3 5 . 0 5




NO CTFEP VARIABLES MET THE 0.150C SIGNIFICANCE LEVEL TCR EN1FY INTO THE MODEL.
H
00
STEPWISE REGRESSION F FOCECUR E FDR DEPENDENT VARIABLE C
STEP 1 VARIABLE RH ENFEPCD
R E GR CS S IU N
CRRDR
TOTAL





1 3 3  1 3*i
B VALUE
8 9  
4 6
'i*£305C7 1
”®0 . 0 0 0 0  35
0 . 3 1 5  3 5 5 6  7 C ( P !
SUP CF SQUARES
0 . C 3 0 C 3 3 O 3  
0 . C 0 0 0 7 3 T 0: .  c co ic7f>',
S I C  EPRI1R 
0 . C 0 0 0 0 4 5  3
1 2 4 . 6 8 4 C 6 0 B 1
MEAN SQUARE
C . 0 0 0 0 3 3 9 5  
0 . 0 0 0 0 0 0 5 5
S I  . 2 6
PROB r
0.0001
TYPE 11 S S r  ^  PROB F
U . 0 0 0 03345------------ 6 t z 2 0 ----- 0 . 0 0 0 1
S T E P 2 VARI ABLE T ENTERED
R E G R E S S I O N
"ERROR
TflTAL








= 0 . 6  2 0 6 5  C 2 4 C 1 P I
SUM OF SQUARE S
o . c c o c e s m
Q . C 0 0 0 4 0 B 3
C . C C C 1 C 7 4 4
B VALUE
O . C 0 3 2 2 7 C 9  
“ 0 . 0 0 0 0 6 0 4 3  
- C . 0 0 0 0 3 5 4 6
S I C  ERROR
O . CO O O O S 8 6  
0 . C O O C C 3 3 e
1 2  . 6 7 0 1 8 0 5 9
MEAN SQUARE
C . O O O C3 3 4D
0 . 0 0 0 0 0 0 3 1
TYPE I I  SS
0 . 0 0 0 0 3 2 8 6  
C . 0 0 0 0 3 3 9 5
10T;7fr
PROB F 
0 .0 0 0 1
1 0 6 . 2 3  
1 0 9 . 7 3
PROB F
OiOOOl
0 . 0 0 0 1







R SQUARE = 0 . 6 5 1 8 5 2 7 7  C I P I





0 . 0 0 1 9 5 2 1 0  
0 . 0 0 0 0 3 8 6 4  
- C . 0 0 0 0 6 0 4 3  
- C . 0 0 0 0 3 5 4 6
0 . C G 0 0 7 0 1 7 
0 . C 0 0 C 3 7 4 8  
0 . L C 0 1 C 7 6 4
S 1 0  EPRUP
0 .CCOO 1 1 2 8  
0 . C 0 0 C C 5 6 4  
C . C C 0 C C 3 2 6
3 . 0 1 7  4 2 8 3 5
MEAN SQUARE
C . O C OC 2 3 3 9  
0 . 0 0 0 0 0 0 2 9
TYPE It SS
C . 0 0 0 0 0 3 3 6  
0 . 0 0 0  C 3 2 0 6  
0 . 0 0 0  0 3 3 9 5
”81 iTS
1 1 . 7 4
1 1 4 . 8 8




0 . 0 0 0 8
0 . 0 0 0 1
0 . 0 0 0 1
NO C TFF P V ARI ABL ES  MET THE 0 . 1 5 0 0  S I G N I F I C A N C E  LEVEL FUR ENIFY INTU THE MODEL.
H
00'ax
A p p e n d i x  F
L i s t i n g  o f  I n p u t  D a t a  a n d  SAS O u t p u t  f o r  t h e  
S t e p w i s e  R e g r e s s i o n  P r o c e d u r e  f o r  t h e  
S e c o n d  E m p i r i c a l  M o d e l  

















































V M A B C
120 38 . 3728G7 .018987 . 00466
120 38 .377094 .030476 . 00130
120 38 .375944 .063046 - .0 0 8 1 6 9
120 38 .377751 .060825 - .0 0 8 9 1 4
120 38 .374411 .075463 - .0 1 4 6 1 5
120 38 .359353 .040400 .00542619
120 38 .373889 .064145 .0006474
120 38 .370127 .057167 - .0 0 0 3 1 9 5
120 38 .381878 .071011 - .0 0 5 2 1 4 6
120 38 .371210 .053240 - .0 0 4 3 2 7 4
120 38 .367969 .050414 .00656515
120 38 . 35952G .062292 .0058465
120 38 . 3G422G .066615 .0041707
120 38 .373528 .066741 .0040584
120 38 .380166 .089828 - .0 0 1 1 3 4 4
120 33 .316148 .044225 .0043076
120 33 .318742 .067215 - .0003449
120 33 .321832 .070660 - .0 0 5 4 2 8 4
120 33 .322508 .067422 - .0 0 3 1 7 8 3
120 33 . 31G57G .054318 - .0026758
120 33 .319328 .070389 .00196254
120 33 .318226 .071864 .00479522
120 33 .316422 .062579 .00404929
120 33 .313342 .071123 .00693946
120 33 .329473 .072165 .00226766
120 33 .345448 .183980 .009805
120 33 .381985 .233082 .0119404
120 33 .362506 .286159 .0119826
120 33 .386204 .298014 .0116843
120 33 .387282 .290600 .0104953
120 28 .284380 .013042 .0085966
120 28 .283891 .013333 .0133326
120 28 .290397 .054486 - .0 0 0 6 6 5 4
120 28 .286736 .053174 - .0 0 1 2 5 3 7
120 28 .289748 .054792 - .0 0 2 3 0 1 4
120 28 .274179 .036224 .00916140
120 28 .284085 .028143 .009540
120 28 .288206 .053344 .00115255
120 28 .289576 .0691064 - .0 0 3 1 5 9 4
120 28 .286318 .0739644 - .0028864
120 28 .295622 .0259719 .021824
120 28 .302620 .0961601 .01502812
120 28 .296414 .0939622 .0130555
120 28 .305014 .1737104 .00295099












































U u. H  | LL LL i LL r* LL r-irNjreA o A C 1 A c A o c  | A c- A OITr-i
r o ££ C  1 e: c- c: DC | EC C £ c o cC c C e* i e o C O C  | c D c o o c
c t • f t • i O' • f t • * 1 f t • oc • • •
f t c CL © 1 
1 
1
c o B. CO  1 
1 
1 «




IT 1 Ll. <c I Ll .
1
1
» M- pr , ■ , KCv+C
ee ■e i ■X 1 i 1 P  : iNf^P• . • 1 1 • 1 i i • • 1 j r* . • • •
htf* | 1 o j-er -1 ^  . C » r














j . ; :
:
1 ^
i , t 1






u. irj** 1A i *c Li­ ftr* V> 0*f^<
e r o er K> ia ICC I o a V*. i r ft >*C t r c- ir-p-
r- c r •Jf 1 •n | GO 4 ffrir\ r-.r. »— Pv 1 r** r  IT ►- rvj-r i «6 2 n r * -
O O o r O 1 If* O 0-r~ i e CT fTJTV. p- o c c
e~ i/ < C •4* 1 if V. Lf C* her* | I/I
r- <rC u. «a i CL ^iC Lx >4*0 » o *HC U. 4 DC
rv 2 c c c. O 1 2 CO C C-O I *c 2 oc* ft OOC
• ■< • • ► • 1 • • • > • • | • •< • • >■ • • •



















c. 1 C. 1 Cl
1 «•<> 1 «CM«
«• o o *r. cr* 4** ft* H r  I LA r rc ’C*. ft if  4 L"
•j. a. psj*—• c f\j 1 W-'nC -^ C HT.Cs. | U o-*p- C 0-0^-
o. «^cir c r- i er c O tf a 1 D* ft r  *cn•vr^ir O' IT | ftcr i -C ft ^*r-j— >r>'-r u -C 1 IT C 1 2 B-ie-r- Li Lf O r -
■O’ V '^C O 1 cr o o c D C  I r* JV/e-C* OAOV* ^■pH-C O O  1 c. OC 1 i/ If C f C •o o c
C O '- H c  i C O r L- o o  I OC c P- o o c
»-* Ll • • • lA • i LL • • ■ 4/“ • • t n Li. • • • IA 0 • •
P- T“ c o o O 1 C o o c DC I H c o c c • o o c*»■* i >c i P*r> 3" i <r i N r
C n i o 3s i ■4
4-A i If i -C LA
i r i IT
r- i •T i oc 1• i • * •







Uj r* o  i u. 4 D h  | ;
Li- OO- 1 L . P^ O*-H | U1 ■ D
e r I i ■ n o  i f t * - J <TOcn | ft r J
■< < r e -  1 < t ; o<r i ■tf
i
■tf K-Orvr-J
> nCO 1 3; > e r f t - c :  | P , > iCKor—*o •-IP^  1 c* M5h C  1 o 4 ^P-C
la re r - o  I *A rc r o c  * fcr BC D C r-C
u P-R^ vf O C  1 Ll r-iNi-j" o o c  | LL PV-*4 nC C O O
t t c. •  •  1 or. G > • •  * i OC P j 4 4 •  •  •  •
i
t



























C o * -  1 t'< O ►*- i c C »—
Ll ft 1 ft *—* CL LL ►- ft
e r «/* Li' 1 IT XA Ll1 i f t LU
L !/■> O' 1 *- XA U i UJ 4A LU
t- u.ft-J c_ t 2 ft i L- LUft-J Ct
2 ftC-< LL' | i i ' li i Z lftO< UJ
UJ OBfK K- | Oft^- K i Lu D a h f c
U-ftC 2  1 fM LXIft C/ 2 IV. 1 LUftC Z  rvj
E •-E  1 H t H  |A fiOu>- m T H -
Li-' 1 UJ 1 LU
- i 1 - J 1 U
CL 1 CC 1 ED
1 -< «<
1 fft 1 ft 1 ft



















1 ftU 1 LU 1 LU
►- 1 •- 1


































































C C 4 C  
o c o c  
•  •  •  •o o o o
o rP 'h  ir-oj n*)ir 
•  •  •  •eor fc
VT) . r-»
r \ j
rr Ll CMT %A o - r r « r  l c U A j i r LA h  f ^ o r ^ c
V C n . P ' 1C (TL* | •vC c r l/>
r . ■*r • /  sC * ( i r  < r o* | < • * C nMf\«.*CDO-
f - —* sJO * u - ^ 4 L -k C r-  1 o - 12 B t ? A.4T ■sf 0 * -
< O O ^ e c e c t r  I «D c r * 5 .- . fr- e r o e r ^ c
CA o  c ^ v - C f *  1 IT 1C O C c  r*iC~ C  rV
kC Lu k f C C C  1 «Si H C Lu c c o c c
r . zr c e d . O C C C  1 c 2 O C e . c  c c c c
• -< •  ■ > •  •  •  •  1 • ♦  • > •  •  •  •  •
L L c  c c c c c *  i i p L o c ►- c c c c c
21 X
tA Lr e n r- ar C X M T  A
u . f— O  — d r
c. f  r> i ~ a rvjr\,r- <
< t r ^ i r Q —*a - -a
2 <*»■ CC r - u . LPP^-p-RC
r » r s j ^ C * O lt n o
LA I P C s T c c c c c
^ C C ►- o c o c
Ll • •  • LA • • * •








r o r  o-a
ffAhor 
c t C h O C  
t r O c c o  
•  •  •  •  •





t i i '
P - i/i
2 \uac-J
UJ f t  CL *
O K P
X L u t t C
























r c r / r c  
c o c h o  
•  •  •  •  •
D O C C C
ir*a-r o^^ - fcc P*-irtfrH> 










%r r\j— a*' ar OCO— HI'".
LL C r . r * L  nC.nI
Q r* h u " a ir C L  v * r “
< A.‘f  \f f t r - <r
2 U-‘ LT C
O p o r ^ o « - » m o o o
LA irC 'C O h O C  O C
o c c o c  ^ c c
U. ' •  •  • 1A •  •  •  •  •













r o « *
(ncMC- f^ o^
iTcHh-ec a v <
irorsic
ir . i /^ccc 
c n h c c c  r ^ c o c o c  
•  ■ • • • •  




















































STFPWTSr REF,R''SSinN PRnCFnuoc ppR r|Fpi-Npr-frr VARTA8Lr 3
5TFP 1 VAR IARLC T 2 ENTFRFO 9 SQUARC = 0.34777949 C(p) = 47.7040757?







0.073446 4 6 





0 VALUE BIO tilpf'R TYPr IT 5S F PRnp.>r
jNTERCEPT -0.0793,'>113 
0.00003302 0.00090794 0.07744646 22.93 0.0001
STEP 2 V3RIA8LF RH ENTERED R SOIJARr = 0.475 69113 ffP) = 34.7P49,ia?q















0.000566450.i7rt00 0 7 5/, 0.01645388 0 .077/,4646
5.7025.43 0.02160.0001
STEP 3 VAP TABLE T ENTERED R SQUARF = 0.477222R0 C ’P) = 90.16785779
DF SUN OF SQUARES NFAN SOUARF F PRC18VF
REGRESSION
ERROR






















NO CITHER VARIABLES MET THF 0.1500 SIGNIFICANCE LEVEL FOR FNTR Y INTO THF MCIDFL.
191
I*. t iH 1 Ll •—t LL A00-( 1 U- »-• LU 001HH
A c A C 1 A c A DC | A> O OOC
c: c tXL O 1 cc c C DC I K O o o c
c c C D 1 c. c C DO 1 D o o o o
er • er • 1 ' er 0 o • 0 • rr • £ 0 0 0
ft o ft D 1 1 1




li. BO- 11 , N f  1 fu - JL hH V
*C *0 1 1 , 1 j t* . ;• ’ • 1 j • i ' !• • 1 i »• .0 * 0














•< >c- U 0-^ 0—
1
CO LL “•C< LA k-«0- » er u LA ^ o -
o < ft ia *C 1 -c O r  r- LA I •c ft »fC *A CKM
a -<r r  ,tr r  1 c ■c »—'PVJ EC a- | << *>0<T tTto-*r
tr r r* ft pv. t V-C “■ I- A.I t»- h*** i ir X M p. rs r
> to- c r f t e ft r- i r Cr 1 C 0~* irr- » r* o i r e IT«A c  c e  i c 1A o c c  C 1 K! tA o r r  c r
I— c  c U c  I ■w* o c Li­ OC 1 0-0 c c u c  o c
Z •>? c c c. C 1 r 2 CC ft CC 1 2 CO ft c c c
Li • <r 0 0 > 0 t 0 0 0 >- • 0 i • <c • 0 ►- 0 0 0£ r L c c fr- C 1 *»? U CC K CC 1 •& u c c fr- c  o c





ti 1 it i n
Cl 1 t
C to». 1 «*•»* i 1
ft C 1 c i &.,_ - 1 i (to­1 u tA rr’ o  | LJ UA A. HA cr t*w 1 ft; IA Pu--'A’ tf
u -r cr. ^ c r" 1 L. u c -r » U c to-(ii
e- r  ' -7 " o. c  I O A. C A* o t> r  I o s7C r D C«NfC
i" < r. C'A- O' CL t CT’** ^ O’- | •r r . r r ft S?CC^  LT C 1 r' r** A. L DO 1 X •&C A.* Ll. O’o r
L_' O' C H r . O 1 o -^OA.j OC 1 r* HCPj o c c
o <-o OOC CL O I I/I c c c C ©O 1 LA o r e n c o o
o CC'C. ft C 1 c c  c fr- C C 1 c o c K o o ^ :
f. cr L 0 0* tr 0 1 r- u. 0 0 0 LA « 0 1 D u. 0 0 0 IA 0 0 0p*» r- c o o O 1 .c c. c c c OC 1 e> c c c c c o o2 «-H 1 Tsi 1 o*rv ■r- 1 o 1 B-l z
*X C 1 to- 1 D1A r iA 1 f*" «/• I LA
LA «*VJ 1 <r 1 fSj i
U. C 1 LT 1 (
o 0 1 0 I •
r c 11 o 11 O 1
Cl tl
11 II 11 II !
LL p\<r** * u irrur- I 1 UJ hMMT
U ti­ r*N i LL * r* >CA*- | LU ; D rg<
ca cs; J ■rr- i o; —J ir r»*,r* » V rJ £>r" o*^
*~ c 1 •< cr.tr c  i l < r-u  c ^
3T X > OC } *a 1 > AJfrLiO J r> ; > OFSiOC
ft cr rv-C 1 cr OOC I cr O CO G
u- <a ec ftC  1 ec DOC 1 HCO C
fr- Ll ft eet*»y CO 1 L C C C  1 LL irv—***r DC OCLA tft O *r>r • * 1 or C *JfsJ 0 • 0 1 P i ->y^ 0 0 0 0
CO 1 OOC 1 c c o c1 1 1
1 j 1
l l  1 
; i












U' C ►- 1 LU O ►- 1 UJ O fr-
O' ft ft i rr 0— ft cr H- ft
u. lA Li 1 Ll t/ L1 1 LU LA u
■ft LA C  1 ft- LA 1 LA ft
r LL'or-J t t  1 2 LL’ft^l D 1 -p Luat-J er
lU aC*? Li 1 Ll t tC - r L 1 EL a rc  < ft
COCK ►“ 1 U5 0.fr" 1 I5a » - t<VJ LieeC ZiN 1 2 luocrc ZX*'. 1 AJ UiftC ZXISTJ
■fr­ eriuft f t f t  1 fir OLUfr- t-iftfr- I c KLufr- •—ft Xfr-
ill
11 Lu' 1 UJ
-J 1 -J 1
<r 1 CC 1 cc
-*r 1
0-4 1 ft 1 H
O ' 1 ft 1 ft






A 1 CL 1 ft
ft 1 LL' 1 Uj




















































H O H O  
•  *  •  •c c c o
r-OBC*~ 
•  •  •  •
NCNf
IT<
V u t*rv ex o- ^ i r p< O IT <xr r*- <r f-t<ror
«—r - » P- f  P - s f f r
IT c OLT © P*
r - i / ec cc
p* cc u. c c  o c
IT x cc e - cccc• XI •  • > - • • • •
< L.
z








»/! t r  t r  rr O'
Li­ < t *  < e_ C  C  C 'l' 1 c
ft v  r - r f t i r  c  e r.'- 1 » -
■< t r  r-<_r* Cf h v * o r  | z
—‘ Lt ^ - C O ' T  1
c* h C N prvCCO *ccc c coco 1 ►ccc L— c c  c c  1 o r
U- •  • • tr* •  •  •  •  1 K








sy O'TiA^  ■sCO^’O C 
v y f^ u -  er. c
I f ^ G C C*ccccccccc r 































A p p e n d i x  G
L i s t i n g  o f  D e e p  B e d  S i m u l a t i o n  P r o g r a m
193
19^
1 0 0 PRINT " * SIMULATION OF DEEP BED RICE DRYING *"
1 1 0 PRINT
1 2 0 PRINT "
130 PRINT




180 REM C - SPECIFIC HEAT OF RICE
190 REM DH - DELTA H
2 0 0 REM DL - DELTA L
2 1 0 REM DM - DRY MATTER WEIGHT,LB.
229 REM GW - GRAIN WT, LB.
230 REM H - ABSOLUTE HUMIDITY,DECIMAL
240 REM CM - MOISTURE CONTENT OF RICE,(Z D.B.)
250 REM CE - MOISTURE REMOVED, LBS
260 REM CR - MOISTURE RATIO
270 REM PV - VAPOR PRESSURE, PSI
280 REM PS - SATURATED VAPOUR PRESSURE, PSI
290 REM Q - AIR FLOW RATE, CFM/SQ.FT.
300 REM R - AIR TO GRAIN RATIO, LB.OF AIR/LB. OF i
310 REM RH - RELATIVE HUMIDITY, DECIMAL
320 REM T - AIR TEMP., F
330 REM TI - DRYING TIME, HR
340 REM TM - TIME, MIN.






410 PRINT " . INITIAL CONDITIONS . "
420 PRINT
430 PA - 14. 7: REM ATMOSPHERE PRESSURE (PSI)
440 C2 - .000019187 
450 N - 2.445
460 M(l,l) - 31.57: REM INITIAL MOISTURE CONTENT (ZD.B.) 
470 PRINT " INITIAL MOISTURE CONTENT (Z D.B.) ";M(1,1)
480 G(l,l) - 78.88: REM GRAIN TEMP (F)
490 G1 - (G(1,1) - 32) * 5 / 9
500 G1 - INT (G1 * 100):G1 - G1 / 100
510 PRINT " GRAIN TEMPERATURE (C) ";G1
520 T(l,l) - 113.9: REM DRYING AIR TEMP(F)
530 T5 - (T(1,1) - 32) * 5 / 9
533 T5 - INT (T5 * 100):T5 - T5 / 100
540 PRINT " AIR TEMPERATURE (C) ";T5
550 H(1,1) - .0242: REM ABS. HUMIDITY
560 PRINT " ABS. HUMIDITY OF AIR .DECIMAL ";H(1,1)
570 G1 - 2500
580 PRINT " GRAIN WT. OF EACH LAYER , GM ";G1 
590 IR » .7688
600 PRINT " CROSS SECTION AREA OF LAYER, SQ.FT";XR 
610 TI - 30
620 PRINT " DRYING TIME INTERVAL, MIN ";TI 
630 LY - 6
640 PRINT " NUMBER OF LAYERS ";LY 
650 NO - 30
660 PRINT " N O .  OF INTERVAL ";N0 
670 Q(l,l) - 40
680 PRINT " AIR FLOW RATE, CFM/SQ.FT ” ;Q(1,1)
690 REM TO CALCULATE THE PROPERTIES OF INITIAL CONDITION
700 WA(l.l) - Q(l.l) * T I  * 0.075: REM WEIGHT OF AIR
710 BD - 31.195 + 0.52 * M(l,l) * 100 / (M(l,l) + 100): REM BULK DENSITY
720 GW(l.l) » G1 / 453.6: REM GRAIN WEIGHT (LBS)
730 DE - 12 * GW(1,1) / (BD * XR): REM DEPTH OF EACH LAYER (INCH)
740 DM - GW(1,1) - GW(l.l) * M(l,l) / (100 + M(l,l)): REM DRY MATTER LOS 
S
750 PV - PA * H(1,1) / (H(1,1) + 0.622): REM VAPOR PRESSURE 
760 PS - EXP (54.6329 - (12301.688 / (T(1,1) + 459.69)) - 5.16923 * LOG 
(T(l,l) +459.69)): REM SATURATED VAPOR PRESSURE 
770 RH(l.l) - PV / PS: REM RELATIVE HUMIDIY 
780 TC - (T(l,l) - 32.) / 1.8 + 273.16: REM ABSOLUTE TEMP (K)
790 BE - ( LOG (1. - RH(l.l)) * TC) / (((1. - TC / 647.1) * ( - 26.1911)) 
* 4.49488E - 8 )
800 ME - EXP ( LOG ( - BE) / ((2.2244E + 6 ) * TC * ( - 2.4160))): REM E 
QUILIBRIUM MOISTURE CONTENT 
810 RH(1,1) - INT (RH(1,1) * 10000):RH(1,1) - RH(1,1) / 10000 
820 PRINT " RELATIVE HUMIDITY OF AIR , Z ";RH(1,1)
830 ME - INT (ME * 100):ME - ME / 100
840 PRINT " EQUILIBRIUM MOISTURE CONTENT , % ";ME
850 WA(1,1) - INI' (WA(1,1) * 10000):WA(1,1) - WA(l.l) / 10000
860 PRINT " WEIGHT OF AIR ,LB ";WA(1,1)
870 GW(l.l) - INT (GW(1,1) * 1000):GW(1,1) - GW(l.l) / 1000 
880 PRINT " GRAIN WEIGHT ,LB ";GW(1,1)
890 DM - INT (DM * 10000):DM - DM / 10000
900 PRINT " DRY MATTER WEIGHT ,LB ";DM
910 BD - INT (BD * 100):BD - BD / 100
920 PRINT " BULK DENSITY OF GRAINS, LB./CU.FT ";BD
930 DE - INT (DE * 1000):DE - DE / 1000 
9AO PRINT " DEPTH OF EACH LAYER .INCHES ";DE 
950 DA - DE * LY
960 PRINT " DEPTH OF BED .INCHES ";DA 
970 PRINT
980 REM TO CACULATE FOR THE FIRST INTERVAL 
990 I - 1
1000 FOR J - 1 TO LY 
1010 M(I,J) - M(1,1)
1020 G(I,J) - G(l,l)
1030 GW(I.J) - GW(l.l)
10A0 REM TO CALCULATE A,B,E 
1050 GOSUB 1560 
1060 GOSUB 1780 
1070 GOSUB 2090 
1080 NEXT J
1090 REM TO COMPUTE FOR THE FIRST LAYER 
1100 J - 1
1110 FOR I - 2 TO NO 
1120 T(I,J) - T(l,l)
1130 H(I,J) - H(l.l)
11AO RH(I,J) - RH(l.l)
1150 WA(I,J) - WA(l.l)
1160 GOSUB 1560 
1170 GOSUB 1780 
1180 GOSUB 2090 
1190 NEXT I
1200 REM COMPUTATION FOR EVERY LAYER AND INTERVAL
1210 FOR I - 2 TO NO








1300 TN - TI 
1310 N2 - 1
1320 FOR I - 1 TO NO STEP N2
1330 PRINT
13A0 TT - TN / 60.
1350 PRINT " DRYING TIME, HR ";TT;" INTERVAL NO. - ";I 
1360 PRINT
1370 PRINT "NO ZM.C.(W.B.) AIR TEMP.(C) GR. TEMP(C)
ABS.H XRH"
1380 FOR J - 1 TO LY
1390 H(I,J) - INT (H(I,J) * 10000):H(I,J) - H(I,J) / 10000:H(I,J) - H(I, 
J) + .00001
1400 TE(I,J) - INT (TE(I,J) * 100):TE(I,J) - TE(I,J) / 100 + .01
1410 RH(I,J) - INT (RH(I,J) * 10000):RH(I,J) - RH(I,J) / 10000
1420 TE(I,J) > (TE(I,J) - 32) * 5 / 9:TE(I,J) » INT (TE(I,J) * 100):TE(I 
,J) - TE(I,J) / 100:TE(I,J) - TE(I,J) + .001 
1430 T(I,J) - (T(I,J) - 32) * 5 / 9:T(I,J) - INT (T(I,J) * 100):T(I,J) - 
T(I,J) / 100:T(I,J) - T(I,J) + .001 
1440 M(I,J) - (M(I,J) * 100) / (M(I,J) + 100)
1450 M(I,J) - INT (M(I,J) * 100):M(I,J) - M(I,J) / 100:
1460 M(I,J) - M(I,J) + .001
1470 RH(I,J) - RH(I,J) * 100:RH(I,J) - INT (RH(I,J) * 100):RH(I,J) - RH( 
I,J) / 100:RH(I,J) - RH(I,J) + .001
1471 IF (M(I,J) < 10) GOTO 1495 
1480 IF (J > 9) GOTO 1510
1490 PRINT J; TAB( 6 )M(I,J); TAB( 10)T(ItJ); TAB( 11)TE(I,J); TAB( 9)H(I 
,J ) ; TAB( 7)RH(I,J)
1491 GOTO 1520
1495 PRINT J; TAB( 6 )M(I,J); TAB( 10)T(I,J); TAB( 11)TE(I,J); TAB( 9)H(I 
,J); TAB( 7)RH(I,J)
1500 GOTO 1520
1510 PRINT J; TAB( 5)M(I,J); TAB( 10)T(I,J); TAB( ll)TE(I.J); TAB( 9)H(I 
,J); TAB( 7)RH(I,J)
1520 NEXT J
1530 TN - TN + TI * N2
1540 NEXT I
1550 END
1560 REM * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
1570 REM TO CALCULATE THE COEFFICIENTS A,B,E OF SINGLE-LAYER DRYING EQ.
1575 REM BY USING EQ. T -(LN(A) - LN(M))/B*M +E 
1580 REM DATA INITIALIZATION
1590 A1 - .00713505:A2 - .00819975:A3 « .00139266:A4 •» - .00015062:A5 - 
- .00016312
1600 B1 - - .01324387:B2 - - .00065384:B3 - .00179150:B4 - - .00026302
1610 El - .00195210:E2 » .00003864:E3 - - .00006043:E4 - - .00003546 
1620 C2 - .000019187 
1630 N - 2.445
1640 DM - GW(I,J) - GW(I,J) » M(I,J) / (100 + M(I,J))
1650 R(I,J) = DM / WA(I,J ): REM RATIO OF DRY MATTER AND WEIGHT OF A
IR
1660 WM - M(I,J) * 100 / (M(I,J) + 100)
1670 C - (0.22008 + 0.01301 * WM) * R(I,J): REM SPECIFIC HEAT OF RICE 
1680 REM TO CALCULATE EQUILIBRIUM TEMPERATURE & EQUILIBRIUM MOISTURE CO 
NTENT
1690 TE(I,J) - ((0.24 « T(I,J)) + .45 * T(I,J) * H(I,J) + C * G(I,J)) / (
.24 + .45 * H(I,J) + C)
1700 TC - (T(I,J) - 32.) / 1.8 + 273.16 
1710 RH1 - RH(I,J) * 100 
1720 REM COMPUTE THE PARAMETERS A,B & E 
1730 T2 - (TE(I,J) - 32) / 1.8
198
1740 A(I,J) - A1 + A2 * M(I.J) + A3 * RH1 + A4 * T2 + A5 * Q(l,l)
1750 B(I,J) - B1 + B2 * M(I,J) + B3 * T2 + B4 * RH1




1790 REM SUBROUTINE TO CACULATE FINAL GRAIN MOISTURE CONTENT USING
1800 REM MASS BALANCE AND THIN LAYER DRYING EQUATION
1810 K 2  « 2 0
1820 CM - M(I,J) / 100.
1830 XI - 0
1832 IF (B(I,J) < .01) THEN B(I,J) - .01
1840 DT(I,J) = ( LOG (A(I,J)) - LOG (CM)) / (B(I,J) * CM + E(I,J))
1845 IF (DT(I,J) < 0) THEN DT(I,J) - 0 
1850 TT - TI + DT(I,J)
1860 REM TO DETERMINE M.C BY USING NEWTON METHOD 
1870 REM INITIALIZE NEWTON SEARCHING TECHNIQUE 
1880 MO - 1.: REM GUESSING VALUE 
1890 K « 0
1900 El - - 1 * B(I,J) * MO * IT - E(I,J) * TT
1910 FI - A(I,J) * 2.7182813 * El - MO
1920 F2 - (B(I,J) * 2 * MO * TT * 2 - E(I,J) * B(I,J) * TT * 2) * A(I,J) *
2.71828183 * El - 1 
1930 Ml - MO - FI / F2
1940 DI - ABS (MO - Ml)
1950 IF (DI < .0100) GOTO 2050
1970 IF (K > K2) GOTO 2010
1980 K - X + 1
1990 MO - Ml
2000 GOTO 1900
2010 CM - CM + .025
2020 K1 -  K1 + 1
2030 IF (K1 > 5) GOTO 4259
2040 GOTO 1830
2050 M((I + 1),J) - Ml * 100: REM THE NEXT M.C.
2060 IF (M((I + 1),J) > M(I,J)) THEN M((I + 1),J) - M(I,J) - .15
2070 IF (M((I + 1),J) < 0) THEN M((I + 1),J) - M(I,J) - .15
2080 RETURN
2090 REM * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
2100 REM SUBROUTINE TO COMPUTE FINAL GRAIN AND AIR TEMPERATURE
2110 REM BY USING HEAT AND MASS BALANCE EQ.
2120 REM
2130 REM DATA INITIALIZATION
2140 REM TO FIND THE FINAL RELATIVE HUMIDITY OF DRYING AIR 
2150 DH - ((M(I,J) - M((I + 1),J)) * R(I,J)) / 100 
2160 H(I,(J + 1)) - H(I,J) + DH
2170 PV - PA * H(I,(J + 1)) / (H(I,(J + 1)) + 0.622)
199
2180 TA - TE(I,J) + 459.69
2190 REM SATURATED VAPOR PRESSURE
2200 PS - EXP (54.6329 - 12301.688 / TA - 5.16923 * LOG (TA))
2210 REM THE FINAL RELATIVE HUMIDITY OF AIR AFTER PASSING THE LAYER OF 
GRAIN
2220 RH(I,(J + 1)) - FV / PS
2230 IF (RH(I,(J + 1)) < RH(I,J)) THEN Rfl(If(J + 1)) « RH(I;J)
2240 IF (RH(I,(J + 1)) < 1.0) GOTO 2340
2250 HA - H(I,(J + 1))
2260 REM TO FIND ZERO OF THE UNKNOWN FUNCTIONS
2270 GOSUB 2550
2280 RH(I,(J + 1)) « 0.9999
2290 H(I,(J + 1)) - HF
2300 T(I,(J + 1)) - TF
2310 IF (T(I,(J + 1)) > T(I,J)) THEN T(I,(J + 1)) - T(I,J)
2320 M((I + 1),J) - M(I,J) - (H(I,(J + 1)) - H(I,J)) * 100 * R(I,J)
2330 GOTO 2460
2340 DH - H(I,(J + 1)) - H(I,J)
2350 REM USING HEAT & MASS BALANCE EQ.
2360 DL - (676.61 - .3487 * TE(I,J)) * (M(I.J)) * ( - .346): REM LATENT
HEAT OF VAPORIZATION 
2370 REM THE EQUATION OF LATENT HEAT OF VAPORIZATION (WANG ET AL.,1978)
2380 GE - TE(I,J): REM GRAIN TEMP - EQUILIBRIUM TEMP
2385 REM TO CACULATE THE FINAL AIR TEMP.
2390 T(I,(J + 1)) - ((0.24 + 0.45 * H(I,J)) * TE(I,J) - DH * (1060.8 + DL
+ 32. - GE) + C * GE) / (0.24 + 0.45 * H(I,(J + 1)) + C)
2400 T4 . (0.24 + .45 * H(I,J)) * TE(I.J)
2410 T5 - DH * (1060.8 + DL + 32 - TE(I,J))
2420 T6 - C * TE(I,J)
2430 T7 - (0.24 + .45 * H(I,J) + C)
2440 T(I,(J + 1)) - (T4 - T5 + T6) / T7
2450 IF (T(I,(J + 1)) > T(I,J)) THEN T(I,(J * 1)) - T(I,J)
2460 G((I + 1),J) = T(I,J)
2470 GW((I + 1),J) - (DM * M((I + 1),J) / 100) + DM
2480 REM AMOUNT OF WATER REMOVE
2490 MV . GW(I,J) - GW((I + 1),J)
2500 WA(I,(J + 1)) - WA(I,J) + MV: REM WT. OF AIR FOR THE NEXT LAYER 
2510 RETURN 
2520 REM
2530 REM TO FIND THE ZERO OF UNKNOWN FUNCTIONS.
2540 REM
2550 XX(1) - G(I,J)
2560 XX(2) - T(I,J)
2570 X(l,l) - XX(1)
2580 X(2,l) - XX(2)
2590 N4 - 3
2600 PQ - 0.24 * T(I,J) + HA * (1060.8 + 0.45 * T(I,J)) + C * G(I,J) - HA 
* (G(I,J) - 32)
200
2610 FOR J1 -  2 TO N4
2620 P(J1 - 1) - PQ - XX(J1 - 1) * (0.24 + C)
2630 PP(J1 - 1) - 1060.8 + 0.45 * XX(J1 - 1) - G(I,J) + 32
2640 T2 - XX(J1 - 1) + 459.69
2650 PS(J1 - 1) - EXP (54.6329 - 12301.688 / T2 - 5.16923 * LOG (T2))
2660 Y(J1 - 1) - 0.9999 * PS(J1 - 1) * (0.622 * PP(J1 - 1) + P(J1 - 1)) -
14.7 * P(J1 - 1)
2670 NEXT J1 
2680 NN - N4 - 1
2690 FOR II - 2 TO NN
2700 FOR J2 = 2 TO II
2710 Ll « J2 - 1
2720 X(I1,J2) - (X(Ll.Ll) * Y(I1) - X(I1,L1) * Y(L1)) / (Y(I1) - Y(L1)) 
2730 NEXT J2 
2740 NEXT II 
2750 12 - N4 - 1
2760 P(N4) - PQ - X(I2,I2) * (0.24 + C)
2770 PP(N4) - 1060.8 + 0.45 * X(I2,I2) - G(I,J) + 32 
2780 T4 - X(I2,I2) + 459.69
2790 PS(N4) « EXP (54.6329 - 12301.688 / T4 - 5.16923 * LOG (T4))
2800 Y(N4) - 0.9999 * PS(N4) * (0.622 * PP(N4) + P(N4)) - 14.7 * P(N4) 
2810 IF (Y(N4) > - - .01 AND Y(N4) < - 0.01) GOTO 2930 
2820 XX(N4) - X(I2,I2)
2830 REM * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
2840 REM SORTING 
2850 GOSUB 3050 
2860 J3 - 1
2870 FOR 13 - 1 TO N4 
2880 X(I3,J3) - XX(I3)
2890 NEXT 13
2900 N4 - N4 + 1
2910 IF (N4 > 14) GOTO 3010
2920 GOTO 2680
2930 TF - X((N4 - 1),(N4 - 1))
2940 PI - PQ - TF * (0.24 + C)
2950 PP1 - 1060.8 + 0.45 * TF - G(I,J) + 32 
2960 HF « PI / PP1
2970 T5 - TF + 459.69
2980 P2 - EXP (54.6329 - 12301.688 / T5 - 5.16923 * LOG (T5))
2990 ER - 14.7 * PI / (P2 * (0.622 * PP1 + PI))
3000 RETURN
3010 PRINT "FOURTEEN TRIALS ARE NOT ENOUGH"
3020 REM * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
3030 REM SORTING DATA 
3040 REM 
3050 M5 - N4 
3060 M5 - M5 / 2
3070 IF (M5 < .00001) THEN RETURN
2 0 1
3080 K - N4 - M5 
3090 J4 - 1 
3100 15 - J4 
3110 L3 - 15 + M5
3120 IF (Y(I5) < - Y(L3)) GOTO 3210 
3130 XX - Y(I5)
3140 PB - XX(I5)
3150 Y(I5) - Y(L3)
3160 XX(I5) - XX(L3)
3170 Y(L3) - XX
3180 XX(L3) - PB
3190 15 - 15 - M5
3200 IF (15 > - 1) GOTO 3110
3210 J4 - J4 + 1
3220 IF (J4 > X) GOTO 3060
3230 GOTO 3100
3240 RETURN
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* SIMULATION OF DEEP BED RICE DRYING *
A i>S AA A A A A A A A A A A A A AA AAA, A A AAAAAA
BY USING EQ. T = (LN(A) - LN(M))/<B*M + E)
A A AAAAAAAAA .A A .A A/s A AA A.A A A A AA AA.A AAAAA A AAA .A A
. INITIAL CONDITIONS .
INITIAL MOISTURE CONTENT (7. D.B.) 33.83 
GRAIN TEMPERATURE <C> 25.68 
AIR TEMPERATURE <C) 35.1 
ABS. HUMIDITY OF AIR ,DECIMAL .0178 
GRAIN WT. GMS, 2500
CROSS SECTION AREA OF LAYER, SQ.FT.7688
DRYING TIME INTERVAL, MIN 30
NUMBER OF LAYERS 6
NO. OF INTERVAL 30
AIR FLOW RATE, CFM/SQ.FT 50
RELATIVE HUMIDITY OF AIR , 7. .4997
EQULIBRIUM MOISTURE CONTENT , 7. 11.86
WEIGHT OF AIR ,LB 112.5
GRAIN WEIGHT ,LB 5.511
DRY MATTER WEIGHT ,LB 4.1182
BULK DENSITY OF GRAINS, LB./CU.FT 44.33
DEPTH OF EACH LAYER ,INCHES 1.94
DEPTH OF BED .INCHES 11.64
204-
r e s u l t s
DRYING TIME, HR .5 INTERVAL NO. = 1
NO 7.M.C. (W.B. ) AIR TEMP.(C) GR. TEMP(C) ABS. H ‘/.RH
i 25.271 35.101 34.391 .01771 49.961
Jt- 25.271 30.971 30.581 .01911 55.391
y 25.271 29.051 2B.801 .01981 71.421
4 25.271 28.661 28.441 .01981 79.301
5 25.271 28.311 28.111 .01991 81.181
6 25.271 27.971 27.811 .01991 82.961
DRYING TIME, HR 1 INTERVAL NO. = 2
NO 7.M.C. (W.B. ) AIR TEMP.(C) GR. TEMP(C ) ABS. H 7.RH
1 23.101 35.101 35.101 .01771 49.961
24.321 31.881 31.821 .01901 53.491
y 25.191 29.591 29.561 .01991 67.151
4 25.191 29.421 29.361 .02001 76.621
5 25.191 29.221 29.161 .02001 77.681
6 25.251 29.021 28.941 .02011 78.791
DRYING TIME, HR 1.5 INTERVAL NO1. = 3
NO 7.M.C. (W.B. ) AIR TEMP.(C) GR. TEMP <C ) ABS. H •/.RH
1 20.951 35.101 35.101 .01771 49.961
X- 22.S91 32.371 32.341 .01881 52.921
y* 25.111 29.981 29.961 .01981 64.711
4 25.111 29.511 29.501 .02001 74.741
5 25.111 29.361 29.361 .02001 76.91 1
6 25.171 29.221 29.211 .02011 77.771
DRYING TIME, HR 2 INTERVAL NO. = 4
NO ’/.M.C. (W.B. ) AIR TEMP.(C) GR. TEMP(C) ABS. H 7.RH
1 19.061 35.101 35.091 .01771 49.961
'n 21.321 32.861 32.831 .01861 52.371
y 24.831 30.471 30.431 .01961 62.31 1
4 25.021 29.471 29.471 .02001 72.721
5 25.021 29.331 29.341 .02001 77.051
6 25.081 29.201 29.211 .02011 77.841
DRYING TIME, HR 2.5 INTERVAL NO . = 5
NO ■/.M.C. (W.B. ) AIR TEMP.(C) GR. TEMP(C) ABS. H 7.RH
1 17.451 35.101 35;101 .01771 49.961
X. 19.711 33.101 33.091 .01851 52.081
3 24.221 31.031 30.991 .01931 60.701
4 24.941 29.591 29.581 .01991 70.271
5 24.941 29.571 29.551 .01991 76.161
6 25.001 29.411 29.401 .02001 76.501
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DRYING TIME, HR 3 INTERVAL NO . = 6
NO 7.M.C. (W.B.) AIR TEMP.<C) GR. TEMP(C) ABS. H
1 15.981 35.101 35.101 .01771
2 18.251 33.401 33.381 .01841
3 23.331 31.571 31.541 .01911
4 24.931 29.801 29.791 .01981
5 24.851 29.651 29.651 .01991
6 24.911 29.511 29.501 .01991
DRYING TIME, HR 3.5 INTERVAL NO. = 7
NO ‘/.M.C. (W.B.) AIR TEMP. (C> GR. TEMP(C) ABS.H
1 14.701 35. 10:1 35.101 .01771
2 16.941 33.601 33.591 .01831
3 22.191 32.071 32.041 .01891
4 24.841 30.121 30.101 .01971
5 24.771 29.601 29.601 .01991
6 24.831 29.461 29.471 .01991
DRYING TIME, HR 4 INTERVAL NO . = 8
NO 7.M.C. (W.B. ) AIR TEMP. <C) GR. TEMP(C ) ABS.H
1 13.551 35.101 35.101 .01771
2 15.811 34.131 34.111 .01811
3 20.911 32.581 32.551 .01871
4 24.531 30.491 30.461 .01951
5 24.681 29.501 29.511 .01991






















DRYING TIME, HR 4.5 INTERVAL NO. = 9
NO 7.M.C. (W.B.) AIR TEMP.(C) GR. TEMP(C ) ABS. H
1 12.801 35.101 35.101 .01771
2 14.661 34.391 34.381 . 01801
3 19.481 33.001 32.971 . 01851
4 23.931 31.061 31.021 .01931
5 24.601 29.611 29.611 .01991
6 24.661 29.471 29.461 .01991
DRYING TIME, HR 5 INTERVAL NO. = 10
NO 7.M.C. (W.B.) AIR TEMP.(C) GR. TEMP(C) ABS.H
1 12.251 35.101 35.091 .01771
2 13.601 34.071 34.091 .01811
3 18.131 32.841 32.861 . 01B61
4 23.021 31.251 31.251 .01921
5 24.511 29.741 29.741 .01981
















DRYING TIME, HR 5.5 INTERVAL NO. = 11
NO V.M.C.CW.B.) AIR TEMP.(C) GR. TEMP(C) ABS.H
1 11.431 35.101 35.101 .01771
2 12.621 34.751 34.721 .01791
3 16.971 34.081 34.011 .01811
4 22.041 32.471 32.381 .01871
5 24.431 30.271 30.231 .01961
6 24.491 29.421 29.441 .01991
DRYING TIME, HR 6 INTERVAL NOI. = 12
NO 7.M.C. (W.B.) AIR TEMP.(C) GR. TEMP(C ) ABS.H
1 11.161 35.101 35.101 .01771
2 12.121 34.101 34.141 .01811
3 15.831 • 2 1 33.281 .01851
4 20.611 32.151 32.181 .01891
5 23.911 30.411 30.401 .01961
6 24.401 29.511 29.511 .01991
DRYING TIME, HR 6.5 INTERVAL NO. = 13
NO 7.M.C. (W.B.) AIR TEMP.(C) GR. TEMP(C ) ABS.H
1 10.351 35.101 35.091 .01771
2 11.401 35.Oil 34.971 .01781
3 14.991 34.631 34.551 .01791
4 19.391 33. 1 1 1 33.041 .01851
5 23.341 31.111 31.061 .01921
6 24.321 29.581 29.571 . 01981
DRYING TIME, HR 7 INTERVAL NO . = 14
NO "/.M.C. (W.B. ) AIR TEMP.(C) GR. TEMP(C) ABS.H
1 10.281 35.101 35.101 .01771
2 11.131 34.951 34.951 .01781
3 13.881 33.971 34.011 .01821
4 18.011 32.771 32.791 .01861
5 22.381 31.231 31.231 .01921
6 24.231 29.751 29.741 .01981





























NO 7.M.C. (W.B. ) AIR TEMP.(C) GR. TEMP(C) ABS.H
1 10.161 35.101 35.091 .01771
2 10.341 34.951 34.951 .01781*T 12.921 34.851 34.811 .01781
4 16.881 34.071 33.991 .01811
5 21.401 32.471 32.381 .01871
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DRYING TIME, HR 10.5 INTERVAL NO. = 21
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AIR TEMP. <C) GR. TEMP(C) ABS.H 7.RH
35.101 35.091 .01771 49.961
34.941 34.941 .01781 50.121
34.791 34.791 .01791 50.6B1
34.641 34.651 .01791 51.271
34.491 34.501 .01801 51.841
33.581 33.611 .01831 53.231
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T RH V HIN XM.C.(D.B.) T RH V HIN XH.C. (D.l
35 30 20 0 32.380 35 JO 20 440 12.871
35 30 20 10 29.054 35 30 20 450 12.726
35 30 20 20 27.309 35 30 20 460 12.601
35 30 20 30 26.129 35 30 20 470 12.483
35 30 20 40 25.172 35 30 20 480 12.367
35 30 20 50 24.338 35 30 20 490 12.249
35 30 20 60 23.554 35 30 20 500 12.142
35 30 20 70 22.844 35 30 20 510 12.011
35 30 20 60 22.209 35 30 20 520 11.891
35 30 20 90 21.604 35 30 20 530 11.767
35 30 20 100 21.090 35 30 20 540 11.612
35 30 20 110 20.573 35 30 20 550 11.502
35 30 20 120 20.077 35 30 20 560 11.398
35 30 20 130 19.636 35 30 20 570 11.301
35 30 20 140 19.229 35 30 20 580 11.298
35 30 20 150 18.824 35 30 20 590 11.207
35 30 20 160 18.471 35 30 20 600 11.119
35 30 20 170 18.121 35 30 20 610 11.021
35 30 20 180 17.820 35 30 20 620 10.935
35 30 20 190 17.503
35 30 20 200 17.220
35 30 20 210 16.921
35 30 20 220 16.672
35 30 20 230 16.420
35 30 20 240 16.176
35 30 20 250 15.931
35 30 20 260 15.710
35 30 20 270 15.476
35 30 20 290 15.254
35 30 20 290 15.063
35 30 20 300 14.887
35 30 20 310 14.667
35 30 20 320 14.485
35 30 20 330 14.333
35 30 20 340 14.180
35 30 20 350 14.013
35 30 20 360 13.993
35 30 20 370 13.762
35 30 20 380 13.609
35 30 20 390 13.478
35 30 20 400 13.359
35 30 20 410 13.243
35 30 20 420 13.136





T RH V HIN ZH.I:.<d
35 40 20 0 33 .583
35 40 20 10 29 .973
35 40 20 20 28,.043
35 40 20 30 26,.802
35 40 20 40 25,.834
35 40 20 50 24,.963
35 40 20 60 24..180
35 40 20 70 23,.480
35 40 20 60 22,.799
35 40 20 SO 22,.160
35 40 20 100 21,.649
35 40 20 110 21,.099
35 40 20 120 20,.605
35 40 20 130 20,.145
35 40 20 140 19,.705
35 40 20 150 19,.273
35 40 20 160 IB..869
35 40 20 170 18,.542
35 40 20 180 18,.174
35 40 20 190 17,.643
35 40 20 200 17,.501
35 40 20 210 17..247
35 40 20 220 16.,956
35 40 20 230 16.,702
35 40 20 240 16.,448
35 40 20 250 16.,193
35 40 20 260 15.,985
35 40 20 270 15.,757
35 40 20 280 15.,549
35 40 20 290 15..362
35 40 20 300 15.,158
35 40 20 310 15.,013
35 40 20 320 14.,805
35 40 20 330 14.,651
35 40 20 340 14.,499
35 40 20 350 14.,347
35 40 20 360 14.,177
35 40 20 370 14. 032
35 40 20 380 13.,905
35 40 20 390 13. 769
35 40 20 400 13.,629
35 40 20 410 13.,498
35 40 20 420 13. 364
35 40 20 430 13.,249
T RH V HIN ZH.C., <0.1
35 40 20 440 13..132
35 40 20 450 13..006
35 40 20 460 12.,893
35 40 20 470 12.,801




T RH V HIN ZH.C.(D
35 50 20 0 33.,552
35 50 20 10 30..356
35 50 20 20 28..309
35 50 20 30 27.,031
35 50 20 40 25.,987
35 50 20 50 25..081
35 50 20 60 24..363
35 50 20 70 23..667
35 50 20 80 22.,988
35 50 20 90 22..407
35 50 20 100 21..864
35 50 20 110 21..343
35 50 20 120 20.,856
35 50 20 130 20.,370
35 50 20 140 19..939
35 50 20 150 19..516
35 50 20 160 19.,110
35 50 20 170 18.,763
35 50 20 160 18.,469
35 50 20 190 18.,092
35 50 20 200 17.,800
35 50 20 210 17.,517
35 50 20 220 17.,244
35 50 20 230 16.,970
35 50 20 240 16.,732
35 50 20 250 16.,526
35 50 20 260 16..313
35 50 20 270 16..035
35 50 20 280 15.,827
35 50 20 290 15,.616
35 50 20 300 15.,409
35 50 20 310 15.,247
35 50 20 320 15.,073
35 50 20 330 14.,884
35 50 20 340 14.,734
35 SO 20 350 14.,540
35 50 20 360 14.,372
35 50 20 370 14.,223
35 50 20 380 14.,087
35 50 20 390 13..949
35 50 20 400 13..801
35 50 20 410 13.,673
35 50 20 420 13.,509
35 50 20 430 13..359
DATA
35503
T RH V HIN ZH.C.(D.B.)
35 50 20 440 13.221
35 50 20 450 13.101
35 50 20 460 12.983
DATA
35603
T RH V HIN ZH.C.(D
35 60 20 0 33.,494
35 60 20 10 30.,832
35 60 20 20 28.,947
35 60 20 30 27..618
35 60 20 40 26.,664
35 60 20 50 25.,783
35 60 20 60 25,,014
35 60 20 70 24.,296
35 60 20 80 23.,669
35 60 20 90 23..099
35 60 20 100 22..598
35 60 20 110 22..015
35 60 20 120 21..545
35 60 20 130 21,.102
35 60 20 140 20,.646
35 60 20 150 20,.240
35 60 20 160 19,.864
35 60 20 170 19,.539
35 60 20 180 19..185
35 60 20 190 18,.871
35 60 20 200 18,.549
35 60 20 210 18..263
35 60 20 220 17,.965
35 60 20 230 17,.712
35 60 20 240 17,.493
35 60 20 250 17,,233
35 60 20 260 17.,025
35 60 20 270 16..791
35 60 20 260 16..615
35 60 20 290 16.,393
35 60 20 300 16.,236
35 60 20 310 16..054
35 60 20 320 15.,864
35 60 20 330 15..734
35 60 20 340 15..614
35 60 20 350 15..452
35 60 20 360 15.,215
35 60 20 370 15.,067
35 60 20 380 14..898
35 60 20 390 14.,778
35 60 20 400 14.,649
35 HO 20 410 14.,537
35 60 20 420 14.,428










20 80 24. 143
20 90 23. 565
20 100 23.,098
20 110 22.,612
20 120 22. 158
20 130 Zl. 743
20 140 21. 352
20 150 21. Oil
20 160 20. 642
20 170 20. 322
20 180 20. 025
20 190 19. 723
20 200 19. 451
20 210 19. 192
20 220 18. 946
20 230 18. 710
20 240 18. 483
20 250 18. 286
20 260 18. 074
20 270 17. 884
20 280 17. 693
20 290 17. 535
20 300 17. 338
20 310 17. 193
20 320 17. 030
20 330 16. 892
20 340 16. 767
20 350 16. 632
20 360 16. 500
20 370 16. 187
20 380 16. 056
20 390 15. 938
20 400 15. 823
20 410 15. 724
20 420 15. 636



















































T RH V HIN ZH.C.(D.B.)
45 30 20 0 33..494
45 30 20 10 28..553
45 30 20 20 25,,827
45 30 20 30 23,.971
45 30 20 40 22..463
45 30 20 50 21..133
45 30 20 60 19..931
45 30 20 70 19..927
45 30 20 80 18..026
45 30 20 90 17,.200
45 30 20 100 16..520
45 30 20 110 15,,909
45 30 20 120 15..284
45 30 20 130 14..713
45 30 20 140 14.,147
45 30 20 150 13..663
45 30 20 160 13.,202
45 30 20 170 12.,790
45 30 20 180 12.,415
45 30 20 ISO 12.,064
45 30 20 200 11..728
45 30 20 210 11.,428
45 30 20 220 11.,133
45 30 20 230 10,.877
45 30 20 240 10.,639
45 30 20 250 10..408
45 30 20 260 10.,278
45 30 20 270 10.,156
45 30 20 260 10.,052
45 30 20 290 9.,956
45 30 20 300 9.,867
45 30 20 310 9.,772
DATA
45403
T RH V HIN ZH.I:.<d
45 40 20 0 33,.549
45 40 20 10 28,.829
45 40 20 20 26 .196
45 40 20 30 24,.463
45 40 20 40 23,.081
45 40 20 50 21,.877
45 40 20 60 20,.846
45 40 20 70 19,.895
45 40 20 80 19,.060
45 40 20 90 18,.314
45 40 20 100 17,.694
45 40 20 110 17.,080
45 40 20 120 16,.488
45 40 20 130 15,.933
45 40 20 140 15,.467
45 40 20 150 15,.003
45 40 20 160 14,.590
45 40 20 170 14,.206
45 40 20 180 13,.850
45 40 20 190 13..515
45 40 20 200 13.,231
45 40 20 210 13.,228
45 40 20 220 12.,665
45 40 20 230 12.,438
45 40 20 240 12.,221
45 40 20 250 12.,015
45 40 20 260 11.,816
45 40 20 270 11..632
45 40 20 280 11.,475
45 40 20 290 11.,311
45 40 20 300 11..158
45 40 20 310 11.,024
45 40 20 320 10..883
45 40 20 330 10,.773
45 40 20 340 10..648
45 40 20 350 10.,528
45 40 20 360 10.,435
45 40 20 370 10..321
45 40 20 380 10..222
45 40 20 390 10..119
45 40 20 400 10..021
45 40 20 410 S.,937
45 40 20 420 9..834
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T RH V HIN ZH.C:.(D
35 30 20 0 33. 708
55 30 20 10 27. 419
55 30 20 20 24. 210
55 30 20 30 21. 939
55 30 20 40 20. 055
55 30 20 50 16. 420
55 30 20 60 17. 030
55 30 20 70 15. 776
55 30 20 80 14. 747
55 30 20 90 13. 877
55 30 20 100 13. 191
55 30 20 110 12. 519
55 30 20 120 11. 931
55 30 20 130 11. 391
55 30 20 140 10. 943
55 30 20 150 10. 520
55 30 20 160 10. 152
55 30 20 170 9. 839
55 30 20 180 9. 546
55 30 20 190 9. 275
55 30 20 200 9. 057
55 30 20 210 6. 816
55 30 20 220 8.643
55 30 20 230 8. 468
55 30 20 240 8. 342
55 30 20 250 8. 190
55 30 20 260 8. 042
55 30 20 270 7.311
55 30 20 280 7. 820
55 30 20 230 7. 732
55 30 20 300 7. 623
55 30 20 310 7. 529
55 30 20 320 7. 473
55 30 20 330 7. 395
55 30 20 340 7. 313
55 30 20 350 7. 252
55 30 20 360 7.200
DATA
35403
T RH V HIN ZH.C.(D
55 40 20 0 33..761
55 40 20 10 27,.732
55 40 20 20 24,.802
55 40 20 30 22,.734
55 40 20 40 21,.032
55 40 20 50 19,.624
55 40 20 60 18,.412
55 40 20 70 17,.381
55 40 20 80 16..440
55 40 20 90 15,.731
55 40 20 100 15,.113
55 40 20 110 14.,513
55 40 20 120 13.,980
55 40 20 130 13..519
55 40 20 140 13.,107
55 40 20 150 12,,761
55 40 20 160 12.,429
55 40 20 170 12,.165
55 40 20 180 11..898
55 40 20 190 11,.673
55 40 20 200 11,.449
55 40 20 210 11,.265
55 40 20 220 11,.109
55 40 20 230 10..959
55 40 20 240 10..818
55 40 20 250 10,.682
55 40 20 260 10.,575
55 40 20 270 10.,464
55 40 20 280 10.,335
55 40 20 290 10.,250
55 40 20 300 10.,179
55 40 20 310 10.,110
55 40 20 320 10..052
55 40 20 330 9.,964
55 40 20 340 9.,914
55 40 20 350 9.,858
55 40 20 360 9.,801
55 40 20 370 9..751




T RH V HIN ZH.C.(D.B.) T RH V HIN ZH.C.(D.B.)
55 50 20 0 34.027 5b 60 20 0 33.321
55 50 20 10 29.173 55 60 20 10 29.294
55 50 20 20 26.123 55 60 20 20 26.124
55 50 20 30 24.068 55 60 20 30 25.964
55 50 20 40 22.465 55 60 20 40 24.098
55 50 20 50 21.100 5 b 60 20 50 22.532
55 50 20 60 19.895 5b 60 20 60 21.117
55 50 20 70 18.834 55 60 20 70 20.062
55 50 20 SO 17.961 55 60 20 80 19.117
55 50 20 90 17.145 5b 60 20 90 18.280
55 50 20 100 16.501 5b 60 20 100 17.640
55 50 20 n o 15.867 55 60 20 110 16.990
55 50 20 120 15.316 55 60 20 120 16.420
55 50 20 130 14.020 55 60 20 130 15.937
55 50 20 140 14.391 55 60 20 140 15.526
55 50 20 150 13.979 5b 60 20 150 15.151
55 50 20 160 13.606 55 60 20 160 14.781
5b 50 20 170 13.292 55 60 20 170 14.460
55 30 20 180 13.005 55 60 20 180 14.212
55 50 20 190 12.740 55 60 20 190 14.002
55 50 20 200 12.503 55 60 20 200 13.790
53 50 20 210 12.314 53 60 20 210 13.590
55 50 20 220 12.106 55 SO 20 220 13.409
55 50 20 230 11.939 55 60 20 230 13.235
55 50 20 240 11.804 55 60 20 240 13.061
55 50 20 250 11.660 55 60 20 250 12.917
55 50 20 260 11.527 55 60 20 260 12.755
55 50 20 270 11.413 55 60 20 270 12.597
55 50 20 280 11.323 5b 60 • * 780 12.452
55 50 20 290 11.243 55 so 20 290 12.323
5b 50 20 300 11.151 53 60 20 300 12.209
55 50 20 310 11.074 55 60 20 310 12.105
55 50 20 320 11.001 55 60 20 320 11.977
55 50 20 330 10.915 55 60 20 330 11.888
55 50 20 340 10.892 55 60 20 340 11.775
55 50 20 350 10.821 55 60 20 350 11.669
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T RH HIN ZH.t:.(D
35 50 40 0 33,.040
35 50 40 10 30,.031
35 50 40 20 28,.361
35 50 40 30 27,.280
35 50 40 40 26,.416
35 50 40 50 25,.632
35 50 40 60 24,.902
35 50 40 70 24,.217
35 50 40 60 23,,567
35 50 40 90 22,.995
35 50 40 100 22,.503
35 50 40 110 21,.985
35 50 40 120 21,.487
35 50 40 130 21,.012
35 50 40 140 20.,587
35 50 40 150 20,,194
35 50 40 160 19,,808
35 50 40 170 19.,427
35 50 40 180 19..073
35 50 40 190 18,.734
35 50 40 200 18,.445
35 50 40 210 18,.169
35 50 40 220 17,.896
35 50 40 230 17,.614
35 50 40 240 17,,360
35 50 40 250 17,,110
35 50 40 260 16..860
35 50 40 270 16.,647
35 50 40 280 16.,462
35 50 40 290 16.,239
35 50 40 300 16.,055
35 50 40 310 15.,878
35 50 40 320 15.,711
35 50 40 330 15.,542
35 50 40 340 15.,370
35 50 40 350 15.,210
35 50 40 360 14.,999
35 50 40 370 14.,856
35 50 40 380 14.,721
35 50 40 390 14. 676
35 50 40 400 14. 534
35 50 40 410 14. 401
35 50 40 420 14. 282
35 50 40 430 14. 144
DATA
35601
T RH V HIN ZH.C.(D,
35 60 40 0 33.,027
35 60 40 10 30.,418
35 60 40 20 28..769
35 60 40 30 27.,739
35 60 40 40 26.,865
35 60 40 50 26.,109
35 60 40 60 25.,398
35 60 40 70 24.,711
35 60 40 60 24.,126
35 60 40 90 23.,573
35 60 40 100 23,,064
35 60 40 110 22.,563
35 60 40 120 2 2 .,088
35 60 40 130 21.,644
35 60 40 140 21.,237
35 60 40 150 20..826
35 60 40 160 20,.484
35 60 40 170 20,.121
35 60 40 180 19..789
35 60 40 190 19.,487
35 60 40 200 19,.174
35 60 40 210 18.,880
35 60 40 220 19.,590
35 60 40 230 18.,362
35 60 40 240 18..117
35 60 40 250 17,.861
35 60 40 260 17..648
35 60 40 270 17..429
35 60 40 280 17..240
35 60 40 290 17,.032
35 60 40 300 16,.653
35 60 40 310 16..655
35 60 40 320 16,.451
35 60 40 330 16,.263
35 60 40 340 16,.086
35 60 40 350 15,.895
35 60 40 360 15,.720
35 60 40 370 15,.562
35 60 40 380 15,.412
35 60 40 390 15,.254
35 60 40 400 15,.032
35 60 40 410 14,.864
35 60 40 420 14,.701





T RH V HIN ZH.C.(D.B.) T RH V HIN ZH.C.(D.B.)
35 70 40 0 33.159 35 70 40 440 16.908
35 70 40 10 31.056 35 70 40 450 16.824
35 70 40 20 29.488 35 70 40 460 16.716
35 70 40 30 28.462 35 70 40 470 16.642
35 70 40 40 27.652 35 70 40 480 16.537
35 70 40 50 26.973 35 70 40 490 16.443
35 70 40 60 26.348 35 70 40 500 16.366
35 70 40 70 25.776 35 70 40 510 16.306
35 70 40 80 25.231 35 70 40 520 16.221
35 70 40 90 24.729 35 70 40 530 16.145
35 70 40 100 24.346 35 70 40 540 16.076
35 70 40 110 23.886 35 70 40 550 16.020
35 70 40 120 23.456 35 70 40 560 15.941
35 70 40 130 23.069 35 70 40 570 15.878
35 70 40 140 22.714 35 70 40 580 15.801
35 70 40 150 22.344 35 70 40 590 15.732
35 70 40 160 22.038 35 70 40 600 15.656
35 70 40 170 21.707 35 70 40 610 15.565
35 70 40 180 21.396 35 70 40 620 15.487
35 70 40 190 21.065 35 70 40 630 15.401
35 70 40 200 20.638
35 70 40 210 20.572
35 70 40 220 20.326
35 70 40 230 20.097
35 70 40 240 19.876
35 70 40 250 19.648
35 70 40 260 19.479
35 70 40 270 19.266
35 70 40 280 19.056
35 70 40 290 18.880
35 70 40 300 18.726
35 70 40 310 18.563
35 70 40 320 18.404
35 70 40 330 18.244
35 70 40 340 18.108
35 70 40 350 17.979
35 70 40 360 17.841
35 70 40 370 17.674
35 70 40 380 17.567
35 70 40 390 17.440
35 70 40 400 17.329
35 70 40 410 17.251
35 70 40 420 17.136
35 70 40 430 16.999
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T RH V HIN ZH.C.(D.B.) T RH V HIN ZH.C.(D.B.)
45 50 40 0 33.280 45 60 40 0 33.467
45 50 40 10 28.796 45 60 40 10 29.582
45 50 40 20 26.569 45 60 40 20 27.426
45 50 40 30 24.964 45 60 40 30 25.891
45 50 40 40 23.594 45 60 40 4u 24.598
45 50 40 50 22.375 45 60 40 50 23.448
45 50 40 60 21.287 45 60 40 60 22.408
45 50 40 70 20.315 45 60 40 70 21.461
45 50 40 80 19.420 45 60 40 80 20.620
45 50 40 90 18.656 45 60 40 90 19.832
45 50 40 100 17.987 45 60 40 100 19.202
45 50 40 110 17.317 45 60 40 110 18.545
45 50 40 120 16.711 45 60 40 120 17.977
45 50 40 130 16.156 45 60 40 130 17.427
45 50 40 140 15.658 45 60 40 140 16.930
45 50 40 150 15.182 45 60 40 150 16.467
45 50 40 160 14.753 45 60 40 160 16.035
45 50 40 170 14.346 45 60 40 170 15.660
45 50 40 180 14.009 45 60 40 180 15.298
45 50 40 190 13.670 45 60 40 190 14.956
45 50 40 200 13.356 45 60 40 200 14.649
45 50 40 210 13.075 45 50 40 210 14.393
45 50 40 220 12.832 45 60 40 220 14.104
45 50 40 230 12.567 45 60 40 230 13.878
45 50 40 240 12.347 45 60 40 240 13.656
45 50 40 250 12.114 45 60 40 250 13.431
45 50 40 260 11.941 45 60 40 260 13.226
45 50 40 270 11.758 45 60 40 270 13.072
45 50 40 280 11.617 45 60 40 280 12.092
45 50 40 290 11.432 45 60 40 290 12.734
45 50 40 300 11.290 45 60 40 300 12.586
45 50 40 310 11.152 45 60 40 310 12.419
45 50 40 320 11.025 45 60 40 320 12.302
45 50 40 330 10.908
45 50 40 340 10.774
45 50 40 350 10.682
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T RH V HIN ZH.C to
53 50 40 0 33..316
55 30 40 10 28. 128
55 50 40 20 23. 398
55 50 40 30 23.,379
55 50 40 40 21.,690
53 30 40 50 20.,246
55 50 40 60 19.,016
55 30 40 70 17..948
55 50 40 80 17.,028
55 50 40 SO 16.,214
55 50 40 100 15,,543
55 50 40 110 14..899
55 50 40 120 14,.295
53 30 40 130 13.,777
55 50 40 140 13.,325
55 50 40 150 12.,922
55 50 40 160 12.,542
55 50 40 170 12.,220
55 30 40 160 11.,923
55 50 40 190 11.,652
55 50 40 200 11.,395
55 50 40 210 11..185
53 50 40 220 10,.982
55 50 40 230 10,,817
55 30 40 240 10..633
55 50 40 230 10..481
55 30 40 260 10.,339
55 50 40 270 10..203
55 50 40 280 10..114
55 50 40 2S0 10.,003
55 50 40 300 9.,900
DATA
55601
T RH V HIN ZH.I:.<d
55 60 40 0 33,.721
55 60 40 10 28,.591
55 60 40 20 26,.087
55 60 40 30 24,.235
55 60 40 40 22,.602
55 60 40 50 21,.301
55 60 40 60 20,.112
55 60 40 70 19,.049
55 60 40 80 18,.190
55 60 40 90 17,.401
55 60 40 100 16,.775
55 60 40 110 16.,279
55 60 40 120 13..580
55 60 40 130 13,.093
55 60 40 140 14..591
35 60 40 150 14..221
55 60 40 160 13,.868
55 60 40 170 13,.498
55 60 40 180 13,.228
55 60 40 190 12,,958
55 60 40 200 12,.741
55 60 40 210 12.,480
55 60 40 220 12.,301
55 60 40 230 12.,137
55 60 40 240 11..956
55 60 40 250 11,,797
55 60 40 260 11.,649
55 60 40 270 11.,571
55 60 40 280 11,,437
55 60 40 290 11..333
35 60 40 300 11.,228
55 60 40 310 11.,156
35 60 40 320 11..101
55 60 40 330 10,.998
53 60 40 340 10.,897
55 60 40 330 10.,866
55 60 40 360 10.,790
DATA
55701
T RH V HIN ZH.C.(D
55 70 40 0 33.,583
55 70 40 10 26.,844
55 70 40 20 26..445
55 70 40 30 24.,730
55 70 40 40 23.,318
55 70 40 50 22..128
55 70 40 60 21.,064
55 70 40 70 20.,137
55 70 40 60 19..289
55 70 40 90 18..507
55 70 40 100 17,.995
55 70 40 110 17,,393
55 70 40 120 16.,919
55 70 40 130 16.,387
55 70 40 140 15,,965
55 70 40 150 15.,519
55 70 40 160 15.,145
55 70 40 170 14.,884
55 70 40 180 14,,572
55 70 40 ISO 14,.203
55 70 40 200 14,.063
55 70 40 210 13..814
55 70 40 220 13,.680
55 70 40 230 13,.439
55 70 40 240 13,.277
55 70 40 250 13,.146
55 70 40 260 13,.003
55 70 40 270 12,.863
55 70 40 260 12..774
55 70 40 290 12,.647
55 70 40 300 12..595




T RH V HIN ZH.C.(D.B.) T RH V HIN ZH.C. (D.l
35 30 60 0 32.908 35 30 60 440 14.335
35 30 60 10 29.684 35 30 60 450 14.218
35 30 60 20 28.438 35 30 60 460 14.120
35 30 60 30 27.576 35 30 60 470 14.024
35 30 60 40 26.842 35 30 60 480 13.946
35 30 60 50 26.124 35 30 60 490 13.858
35 30 60 60 25.383 35 30 60 500 13.786
35 30 60 70 24.749 35 30 60 510 13.696
35 30 60 80 24.137 35 30 60 520 13.619
35 30 60 90 23.595 35 30 60 530 13.532
35 30 60 100 23.111 35 30 60 540 13.458
35 30 60 110 22.598 35 30 60 550 13.343
35 30 60 120 22.123 35 30 60 560 13.266
35 30 60 130 21.676 35 30 60 570 13.178
35 30 60 140 21.242 35 30 60 580 13.097
35 30 60 150 20.815 35 30 60 590 13.009
35 30 60 160 20.422 35 30 60 600 12.932
35 30 60 170 20.062 35 30 60 610 12.863
35 30 60 180 19.709 35 30 60 620 12.788
35 30 60 190 19.418 35 30 60 630 12.604
35 30 60 200 19.079 35 30 60 640 12.638
35 30 60 210 18.801 35 30 60 650 12.546
35 30 60 220 19.447 35 30 60 660 12.473
35 30 60 230 18.246 35 30 60 670 12.401
35 30 60 240 17.927 35 30 60 680 12.331
35 30 60 250 17.680
35 30 60 260 17.416
35 30 60 270 17.164
35 30 60 280 16.932
35 30 80 290 16.740
35 30 60 300 16.521
35 30 60 310 16.316
35 30 60 320 16.116
35 30 60 330 15.937
35 30 60 340 15.766
35 30 60 350 15.611
35 30 60 360 15.444
35 30 60 370 15.289
35 30 60 380 15.142
35 30 60 390 14.965
35 30 60 400 14.832
35 30 60 410 14.693
35 30 60 420 14.568




T RH V HIN XH.C.tD.B.)
35 40 60 0 32,.059
35 40 60 10 28..697
35 40 60 20 27,.306
35 40 60 30 26..444
35 40 60 40 25.,666
35 40 60 50 24..938
35 40 60 60 24.,257
35 40 60 70 23..651
35 40 60 80 23.,042
35 40 60 90 22..444
35 40 60 100 21..975
35 40 60 110 21..435
35 40 60 120 20.,967
35 40 60 130 20..524
35 40 60 140 20,,125
35 40 60 150 19,.702
35 40 60 160 19..321
35 40 60 170 18,.943
35 40 60 180 18,.617
35 40 60 190 18.,267
35 40 60 200 17,.937
35 40 60 210 17.,634
35 40 60 220 17,.379
35 40 60 230 17.,092
35 40 60 240 16.,820
35 40 60 250 16.,579
35 40 60 260 16.,369
35 40 60 270 16..132
35 40 60 280 15,.929
35 40 60 290 15,,668
35 40 60 300 15.,476
35 40 60 310 15.,286
35 40 60 320 15.,135
35 40 60 330 14.,986
35 40 60 340 14.,822
35 40 60 350 14.,646
35 40 60 360 14.,474
35 40 60 370 14..320
35 40 60 380 14.,181
35 40 60 390 14.,061
35 40 60 400 13.,919
35 40 60 410 13.,761
35 40 60 420 13,.622
35 40 60 430 13..498
DATA
35407
T RH V HIN ZH.C,. (D.l
35 40 60 440 13.,375
35 40 60 450 13.,261
35 40 60 460 13,.151
35 40 60 470 13..048
35 40 60 480 12.,947
35 40 60 490 12.,856
35 40 60 500 12.,766
35 40 60 510 12..678
35 40 60 520 12.,578
35 40 60 530 12.,489




T RH V HIN ZH.C.ID.B.) T RH V HIM ZM.C.(0.
35 50 60 0 30.866 35 50 60 440 13.823
35 50 60 to 28.121 35 50 60 450 13.733
35 50 60 20 26.846 35 50 60 460 13.622
35 50 60 30 26.021 35 50 60 470 13.524
35 50 60 40 25.264 35 50 60 480 13.434
35 50 60 50 24.630 35 50 60 490 13.330
35 50 60 60 23.996 35 50 60 500 13.240
35 50 60 70 23.400 35 50 60 510 13.165
35 50 60 80 22.830 35 50 60 520 - 13.083
35 50 60 90 22.332 35 50 60 530 12.900
35 50 60 100 21.870 35 50 60 540 12.839
35 50 60 110 21.378 35 50 60 550 12.838
35 50 60 120 20.940 35 50 60 560 12.766
35 50 60 130 20.532 35 50 60 570 12.685
35 50 60 140 20.111 35 50 60 580 12.617
35 50 60 150 19.741 35 50 60 590 12.534
35 50 60 160 19.364 35 50 60 600 12.450
35 50 60 170 19.064 35 50 60 610 12.372
35 50 60 180 18.735
35 50 60 190 18.426
35 50 60 200 18.134
35 50 60 210 17.852
35 50 60 220 17.589
35 50 60 230 17.288
35 50 60 240 17.062
35 50 60 250 16.844
35 50 60 260 16.604
35 50 60 270 16.399
35 50 60 280 16.197
35 50 60 290 15.999
35 50 60 300 15.800
35 50 60 310 15.630
35 50 60 320 15.441
35 50 60 330 15.267
35 50 60 340 15.128
35 50 60 350 14.967
35 50 60 360 14.614
35 50 60 370 14.667
35 50 60 380 14.537
35 50 60 390 14.398
35 50 60 400 14.267
35 50 60 410 14.152
35 50 60 420 14.053




T RH V MIN ZM.C.(D.B.) T RH V HIN ZM.C.(D.l
35 BO 60 0 32.149 35 60 60 440 16.207
35 60 60 10 29.611 35 60 60 450 16.098
35 BO 60 20 28.252 35 60 60 460 15.998
35 60 60 30 27.429 35 60 60 470 15.909
35 60 60 40 26.760 35 60 60 460 15.807
35 60 60 50 26.158 35 60 60 490 15.698
35 60 60 60 25.613 35 60 60 500 15.608
35 60 60 70 25.072 35 60 60 510 15.513
35 60 60 60 24.588 35 60 60 520 15.427
35 60 60 90 24.130 35 60 60 530 15.343
35 60 60 100 23.710 35 60 60 540 15.257
35 60 60 110 23.300 35 60 60 550 15.167
35 60 60 120 22.867 35 60 60 560 15.076
35 60 SO 130 22.454 35 60 60 570 14.998
35 60 60 140 22.134 35 60 60 580 14.921
35 60 60 150 21.785 35 60 60 580 14.846
35 60 60 160 21.443 35 60 60 600 14.776
35 60 60 170 21.089 35 60 60 610 14.687
35 60 60 ISO 20.829 35 60 60 620 14.602
35 60 60 190 20.555 35 60 60 630 14.521
35 60 60 200 20.248 35 60 60 640 14.434
35 60 60 210 20.010 35 60 60 650 14.367
35 60 60 220 19.770
35 60 60 230 19.520
35 60 60 240 19.287
35 60 60 250 19.068
35 60 60 260 18.842
35 60 60 270 18.625
35 60 60 280 18.449
35 60 60 290 18.250
35 60 60 300 18.079
35 60 60 310 17.920
35 60 60 320 17.761
35 60 60 330 17.604
35 60 60 340 17.467
35 60 60 350 17.336
35 60 60 360 17.155
35 60 60 370 17.049
35 60 60 380 16.917
35 60 60 390 16.766
35 60 60 400 16.642
35 60 60 410 16.528
35 60 60 420 16.401




T RH V HIN ZH.C.1D.B.)
35 70 60 0 31. 766
35 70 60 10 29.,546
35 70 60 20 28.,274
35 70 60 30 27.,494
35 70 60 ♦0 26.,889
35 70 60 50 26.,309
35 70 60 60 25.,761
35 70 60 70 25.,293
35 70 60 80 24.,799
35 70 60 90 24.,335
35 70 60 100 23.,950
35 70 60 110 23.,573
35 70 60 120 23.,226
35 70 60 130 22.,844
35 70 60 140 22.,449
35 70 60 150 22.,131
35 70 60 160 21.,822
35 70 60 170 21.,544
35 70 60 180 21..256
35 70 60 190 20.,954
35 70 60 200 20..709
35 70 60 210 20.,470
35 70 60 220 20,,242
35 70 60 230 20,.042
35 70 60 240 19..805
35 70 60 250 19..593
35 70 60 260 19..405
35 70 60 270 19..224
35 70 60 280 19.,059
35 70 60 290 18..843
35 70 60 300 18..679
35 70 60 310 18.,534
35 70 60 320 18,.389
35 70 60 330 18.,259
35 70 60 340 IB.,104
35 70 60 350 17,.926
35 70 60 360 17..811
35 70 60 370 17..686
35 70 60 380 17,.548
35 70 60 390 17..430
35 70 60 400 17..333
35 70 60 410 17,.199
35 70 60 420 17,.096
35 70 60 430 16..999
DATA
35707
T RH V HIN ZH.C,. (D.B.)
35 70 60 440 16..884
35 70 60 450 16,.787
35 70 60 460 16.,707
35 70 60 470 16..619
35 70 60 480 16..544
35 70 60 490 16..445
35 70 60 500 16..359
35 70 60 510 16.,265
35 70 60 520 16..187
35 70 60 530 16.,091
35 70 60 540 16,,007
35 70 60 550 15,.912
35 70 60 560 15,.831
35 70 60 570 15.,756
35 70 60 580 15..673
35 70 60 590 15.,598
35 70 60 600 15.,512
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T RH V HIN ZH.C.CD.B.)
45 70 60 0 32.,445
45 70 60 10 28.,639
45 70 60 20 27.,018
45 70 60 30 25.,882
45 70 60 40 24.,899
45 70 60 50 24..019
45 70 60 60 23.,207
45 70 60 70 22.,408
45 70 60 BO 21.,736
45 70 60 90 21.,070
45 70 60 100 20.,557
45 70 60 110 20.,033
45 70 60 120 19.,478
45 70 60 130 19.,002
45 70 60 140 18.,557
45 70 60 150 18.,108
45 70 60 160 17.,748
45 70 60 170 17..366
45 70 60 180 17.,051
45 70 60 190 16.,675
45 70 60 200 16..462
45 70 60 210 16..131
45 70 60 220 15,.865
45 70 60 230 15,.641
45 70 60 240 15,.393
45 70 60 250 15,.131
45 70 60 260 14.,847
45 70 60 270 14.,786
45 70 60 280 14,.503
45 70 60 290 14..375
45 70 60 300 14..263
45 70 60 310 14,,117
45 70 60 320 13..985
45 70 60 330 13.,850
45 70 60 340 13,.742
45 70 60 350 13,.659




T RH V NIN ZH.C.ID
55 30 60 0 33..253
55 30 60 10 27,.431
55 30 60 20 24..790
55 30 60 30 22.,597
55 30 60 40 20.,753
55 30 60 50 19..143
55 30 60 60 17..702
55 30 60 70 16..491
55 30 60 60 15..460
55 30 60 90 14,,553
55 30 60 100 13.,780
55 30 60 110 13..011
55 30 60 120 12.,379
55 30 60 130 11..859
55 30 60 140 11..317
55 30 60 150 10..910
55 30 60 160 10,.449
55 30 60 170 10..164
55 30 60 180 9.,789
55 30 60 190 9.,535
55 30 60 200 9..243
55 30 60 210 6..995
55 30 60 220 8..949
55 30 60 230 8..642
55 30 60 240 8..464
55 30 60 250 8.,304
55 30 60 260 8..245
55 30 60 270 8..043
55 30 60 280 7,.943
55 30 60 290 7,.791
55 30 60 300 7..674
55 30 60 310 7,.557
55 30 60 320 7..482
55 30 60 330 7..356
55 30 60 340 7.,303
55 30 60 350 7..262
55 30 60 360 7..153
DATA
55407
T RH V HIN ZH.C.(D
55 40 60 0 32,.683
55 40 60 10 27,.318
55 40 60 20 24.,976
55 40 60 30 23.,034
55 40 60 40 21.,355
55 40 60 50 19.,940
55 40 60 60 18.,724
55 40 60 70 17.,607
55 40 60 80 16.,694
55 40 60 90 15. 850
55 40 60 100 15.,249
55 40 60 110 14.,648
55 40 60 120 14.,127
55 40 60 130 13.,659
55 40 60 140 13. 242
55 40 60 150 12. 860
55 40 60 160 12. 530
55 40 60 170 12. 223
55 40 60 180 11. 955
55 40 60 190 11. 716
55 40 60 200 11. 499
55 40 60 210 11. 294
55 40 60 220 11. 119
55 40 60 230 10. 953
55 40 60 240 10. 785
55 40 60 250 10. 639
55 40 60 260 10. 495
55 40 60 270 10. 381
55 40 60 280 10. 272
55 40 60 290 10. 184
55 40 60 300 10. 089
55 40 60 310 10. 008
55 40 60 320 9. 921
55 40 60 330 9. 844
55 40 60 340 9. 753




T RH V HIN ZH.C.(D.B.) T RH V HIN ZH.C.(D.B.)
55 50 60 0 32.856 55 60 60 0 33.153
55 50 60 10 27.707 55 60 60 10 28.252
55 50 60 20 25.666 55 60 60 20 26.205
55 50 60 30 23.387 55 60 60 30 24.537
55 50 60 40 22.470 55 60 60 40 23.098
55 50 60 50 21.223 55 60 60 50 21.794
55 50 60 60 20.070 55 60 60 60 20.669
55 50 60 70 IS.070 55 60 60 70 19.670
55 50 60 60 18.179 55 60 60 80 18.812
55 50 60 SO 17.448 55 60 60 SO 17.992
55 50 60 100 16.731 55 60 60 100 17.440
55 50 60 110 16.177 55 60 60 110 16.818
55 50 60 120 15.633 55 60 60 120 16.248
55 50 60 130 15.1 IS 55 60 60 130 15.769
55 50 60 140 14.706 55 60 60 140 15.328
55 50 60 150 14.302 55 60 60 150 14.953
55 50 60 160 13.331 55 60 60 160 14.587
55 50 60 170 13.620 55 60 60 170 14.258
55 50 60 160 13.345 55 60 60 180 13.967
55 50 60 ISO 13.106 55 60 60 190 13.689
55 50 60 200 12.856 55 60 60 200 13.446
55 50 60 210 12.619 55 60 60 210 13.233
55 50 60 220 12.425 55 60 60 220 13.042
55 50 60 230 12.259 55 60 60 230 12.682
55 50 60 240 12.108 55 60 60 240 12.714
55 50 60 250 11.960 55 60 60 250 12.567
55 50 60 260 11.618 55 60 60 260 12.433
55 50 60 270 11.698 55 60 60 270 12.280
55 50 60 280 11.592 55 60 60 280 12.175
55 50 60 230 11.508 55 60 60 290 12.072
55 50 60 300 11.415 55 60 60 300 11.995
55 50 so 310 11.317 55 60 60 310 11.897
55 50 60 320 11.238 55 60 60 320 11.825
55 50 60 330 11.143 55 60 60 330 11.752
55 50 60 340 11.060 55 60 60 340 11.688
55 50 60 350 10.981 55 60 60 350 11.626
55 50 60 360 10.900 55 60 60 360 11.548
DATA
5i>707
T RH V HIN ZH.C.tD
55 70 60 0 32,.183
55 70 60 10 27,.596
55 70 60 20 25.,768
55 70 60 30 24,.411
55 70 60 40 23..201
55 70 60 50 22..121
55 70 60 60 21..260
55 70 60 70 20,.391
55 70 60 80 19,.693
55 70 60 90 19..014
55 70 60 100 18..437
55 70 60 110 17.,942
55 70 60 120 17..444
55 70 60 130 17,.010
55 70 60 140 16.,605
55 70 60 150 16..272
55 70 60 160 15,.981
55 70 60 170 15,,667
55 70 60 180 15..457
55 70 60 ISO 15..255
55 70 60 200 15.,045
55 70 60 210 14.,858
55 70 60 220 14.,676
55 70 60 230 14.,494
55 70 60 240 14.,330
55 70 60 250 14.,167
55 70 60 260 14.,003
55 70 60 270 13.,850
55 70 60 280 13.,695
55 70 60 290 13.,558
55 70 60 300 13.,406
55 70 60 310 13.,272
55 70 60 320 13.,146
55 70 60 330 13.,023
55 70 60 340 12.,900
55 70 60 350 12.,318
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